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PREFACE 


This book attempts to explain the operation, design, and analysis of all 
the basic semiconductor pulse circuits. The design approach is a simple 
step-by-step procedure in which the. designer knows exactly why each 
component value is selected. Many design examples are included in the 
text, device data sheets included in Appendix 1 are referred to when ap- 
propriate, and standard value component values are selected. The mathe- 
matics employed does not go beyond algebraic equations and logarithms. 

As well as discrete component circuits, the design procedure for using 
IC operational amplifiers in the various pulse circuits is discussed. Digital 
integrated circuits, including CMOS logic, are also treated. However, this 
is a text on pulse circuits, not a book on computer logic. 

The text progresses through pulse waveforms, RC circuits, diode 
switching, and transistor switching, to transistor, FE£T, and IC inverter 
circuits. Then it treats the Schmitt trigger circuit; monostable, astable, 
and bistable multivibrators; logic gates; and sampling gates. After the 
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individual circuits are fully explained, they are used as building blocks to 
describe digital counting, digital frequency meters, digital voltmeters, 
pulse modulation, and time division multiplexing. The various seven- 
segment numerical display devices are covered, as are IC flip-flops and 
counting circuits. 

It is believed that this text shows that pulse circuits are easy to under- 
stand, and that their design is fairly simple. 


David A . Bell 


Chapter 1 


Waveforms 


INTRODUCTION 

The term pulse waveform normally is applied only to approximately rec- 
tangular waveshapes. However, many different types of waveforms are in- 
volved in the study of pulse circuits. Waveforms are defined in terms of 
amplitude and time interval measurements. Each of the various waveforms 
can be shown to contain many higher frequency sinusoidal components, 
known as harmonics. A study of the harmonics shows a definite relation- 
ship between the bandwidth of an amplifier and the distortion produced in 
a square wave output from the amplifier. 


1-1 TYPES OF WAVEFORM 

1-1.1 Repetitive Waveforms and Transients 

When one quantity varies in relation to another quantity, the relationship 
can be represented by plotting a graph. Thus, for a semiconductor diode. 
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(a) Graph of 1 F versus V F 
for diode 


(b) Graph of / dc or K dc versus 
time 



(c) Graph of instantaneous (d) Transient on a dc 

value of ac voltage voltage 

plotted versus time 

FIGURE 1-1. Various graphs showing relationships between two 
quantities. 

l F plotted against V F gives the forward characteristics of the device 
[see Figure 1-1 (a)]. Similarly, graphs may be plotted to show how certain 
quantities vary with respect to time. A plot of dc voltage or current 
versus time normally produces a straight line graph, as in Figure 1-1 (b). 
An alternating voltage, as its name implies, increases and decreases with 
respect to time. When the instantaneous voltage levels v are plotted 
against time t, the graph that results is called the waveform of the voltage. 
In Figure 1-1 (c) the instantaneous values of a sinusoidal alternating volt- 
age are plotted to a base of time. It is seen that the voltage increases 
positively to a peak value, decreases through zero to a negative peak 
value, then returns to zero; then the cycle recommences. Thus the sine 
wave is a repeating cycle of voltage (or current) with a sinusoidal rela- 
tionship to time. All waveforms which are composed of identical cycles 
that keep repeating are termed repetitive waveforms or periodic waveforms. 
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It is necessary to study only one cycle of such a waveform to gain an 
understanding of the behavior of the voltage or current involved. When 
successive cycles of an alternating voltage are not identical, the wave- 
form is described as aperiodic . 

Sometimes a direct voltage suddenly decreases (or increases) for a 
brief instant and then returns to its normal level [Figure 1-1 (d)]. This 
may happen, for example, when a load is suddenly switched onto a power 
supply. Such brief nonrepetitive waveforms are termed transients. 

1-1.2 Display Methods 

Since electrical waveforms (repetitive and nonrepetitive) usually occur 
during a period of milliseconds or microseconds, manual measurements 
cannot be taken of such instantaneous levels for plotting on a graph. 
Instead, instruments are employed to do the actual plotting of voltage 
or current to a base of time. One such instrument is the strip chart 
recorder (Figure 1-2) in which a pen or another marking device traces 
the waveform on a moving strip of paper. The vertical movement of the 
pen is directly proportional to the instantaneous value of the applied 
voltage and, since the paper moves at a constant speed, the horizontal 
trace is directly proportional to time. Similar instruments replace the 
moving arm and pen with a beam of light, reflected from a moving mirror, 
onto photographically treated paper. 

Although the chart recorder provides a permanent record of the 
waveform under study, its major drawback is that it is essentially a low- 
frequency instrument. The cathode-ray oscilloscope, which has a much 


Paper 



Applied 

voltage 


FIGURE 1-2. Waveform display by strip chart recorder. 
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higher frequency response, is widely used in the study of electrical wave- 
forms. In the oscilloscope, an electron beam striking a fluorescent screen 
produces a tiny spot of light. The light spot becomes a line when the 
electron beam is deflected vertically by the voltage to be displayed and 
horizontally in proportion to time (see Figure 1-3). The light spot 
starts at the left-hand side of the screen and moves to the right. At the end 
of one (or more) cycles of the waveform, the light spot returns almost 
instantaneously to the left-hand side of the screen. Thus, a repetitive 
waveform is traced on the screen again and again. When a permanent 
record of the waveform is required, a camera is used to photograph the 
display on the oscilloscope. A camera can be employed also to obtain 




FIGURE 1-3. 


Waveform display by cathode ray oscilloscope. 
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photographs of any transient waveform that might appear briefly on the 
oscilloscope screen. 


1-1.3 Miscellaneous Waveforms 

Sinusoidal. The most common electrical waveform is the sine wave, 
shown in Figure 1-3. Half-wave rectification removes the negative (or 
positive) half-cycles of a sine wave [Figure 1-4 (a)], while full-wave rectifi- 
cation produces a train of unidirectional half-sine waves, as shown in 
Figure 1 -4 (b). 


A_A.. r 

Positive 


v~v 


(a) Half-wave rectified 


Negative 


AAA. r 

Positive 


vw 

Negative 


( b > Full-wave rectified 


FIGURE 1-4. Rectified sine waves. 


Rectangular. When a dc voltage suddenly changes from one level to 
another, the change is referred to as a step change. The change might 
be positive or negative, as shown in Figure 1-5 (a). A rectangular wave- 
form consists simply of successive cycles of positive step changes followed 
by negative step changes. Where the time duration /, for the upper dc 
level is equal to the time duration t 2 for the lower level, the waveform 
is termed a square wave [Figure l-5(b)]. When /, and t 2 are unequal, 
as illustrated in Figure l-5(c), the wave is usually referred to as a pulse 
waveform. 


Ramp. When a voltage increases or decreases at a constant rate with 
respect to time, its graph is that of a positive or negative ramp [Figure 
1 -6(a)]. A repetitive cycle of positive ramp followed by negative ramp is 
known as a triangular waveform [Figure 1 -6(b)] . When one ramp is much 
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t 


(a) de voltage step changes 


Positive-going step Negative-going step 



(b) Square waveform 



FIGURE 1-5. 



T ►- 

Rectangular waveforms. 


Pulse waveforms 


steeper than the other, as illustrated in Figure l-6(c), the waveform is 
usually termed a sawtooth waveform. 

Exponential. In this case the voltage varies with respect to time ac- 
cording to the equation, V = e kl or V = t~ kt , where t is time, k is a con- 
stant, and e is the exponential constant ( e = 2.718). The resultant graphs 
of voltage versus time are of the form shown in Figure l-7(a). Repetitive 
cycles of positive and negative exponentials produce an exponential wave- 
form, as in Figure 1-7 (b). An exponential change followed by a step 
change gives the waveforms shown in Figure 1 -7 (c). Introduction of a gap 
results in th c spike waveforms of Figure l-7(d). Obviously a great variety 
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FIGURE 1-6. 


(c) Sawtooth waveforms 


Ramp waveforms. 


of waveforms can be produced by combining two or more of the various 
voltage changes discussed above. 


1-2 CHARACTERISTICS OF PULSE 
WAVEFORMS 

Consider the ideal pulse waveform shown in Figure 1-8. In this particular 
case the pulses are positive with respect to ground. The pulse amplitude 
is simply the voltage level of the top of the pulse measured from ground. 
The first edge of the pulse (at / = 0) is referred to as the leading edge , and 
the second edge is termed the trailing edge or lagging edge . 

The time period T is the time measured from the leading edge of one 
pulse to the leading edge of the next pulse. If T = 1 sec, then the pulse 
repetition frequency (PRF) is 1 cycle/sec, or 1 pulse per sec (pps), or 
PRF = \/T pps. Instead of pulse repetition frequency, the term pulse 
repetition rate (PRR) is sometimes used. 
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t 




(a) Exponential 
voltage changes 


Positive-going exponential Negative-going exponential 



Exponential 

waveform 


/vn 


knk: 


Exponential 
and step 
combinations 


^ (d) Spike waveforms 

FIGURE 1-7. Exponential waveforms. 



Leading edge 



0 


t 


FIGURE 1-8. 


Ideal pulse waveform. 


Sec. 1-2 CHARACTERISTICS OF PULSE WAVEFORMS 


9 


The time measured from the leading edge to the trailing edge of one 
pulse is known as the pulse width (PW), the pulse duration (PD), or some- 
times as the mark length. The time between pulses is simply referred to 
as the space width. The proportion of the time period occupied by the 
pulse is defined as the duty cycle, or as the mark-to-space ( M / S) ratio: 

Duty cycle = (PW jT) x 100% (1-1) 

and 

M/S ratio = PW/(space width) (1-2) 

The duty cycle usually is expressed as a percentage, while the mark-to- 
space ratio is expressed simply as a ratio. 


EXAMPLE 1-1 


For the pulse waveform displayed in Figure 1-9, determine the pulse 
amplitude, PRF, PW, duty cycle, and M/S ratio. The vertical scale is 
1 V per division, and the horizontal scale is 0.1 ms per division. 


solution 

Pulse amplitude 
T 


PRF 

PW 


Space width 
Duty cycle 


M /S ratio 


(3.5 divisions) x ( 1 V/division) 

3.5 V 

(6 divisions) x (0.1 ms/division) 
0.6 ms 

1 /T = 1/0.6 ms = 1666 pps 
(2.5 divisions) x (0.1 ms/division) 
0.25 ms 

3.5 x 0.1 ms = 0.35 ms 



0.25 ms 
0.6 ms 


x 100% 


41.6% 


PW = 0.25 ms 
Space width 0.35 ms 


= 0.71 
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The pulse displayed in Figure 1-9 appears to have a perfectly flat 
top and perfectly vertical sides. When pulses are examined very carefully, 
however, it is found that the top is never perfectly flat. The amplitude 
of the lagging edge normally is less than that of the leading edge. In 
many cases the slope at the top of the pulse may be so small that it 
cannot be easily measured. In other cases, as in Figure 1-10, the slope 
may be very obvious. The pulse voltage does not go from zero to its 
maximum level instantaneously, and from maximum to zero instanta- 
neously. In fact, there is a definite rise time t r and fall time t f at the 
leading and lagging edges of the pulse. This is also illustrated in Fig- 
ure 1-10. 

In Figure l-10(a), E ] is the maximum pulse amplitude, E 2 is the 
minimum amplitude, and E is the average pulse amplitude: 

F E \ + £2 
E — 2— 

The rise time is defined as the time required for the voltage to go 
from 10% to 90% of the average amplitude. Similarly, the fall time is 
the time required for the pulse to fall from 90% to 10% of the average 
amplitude. The slope or tilt at the top of the waveform is defined in 
terms of the average amplitude: 


Tilt = ^ x 100% 

L 



(1-3) 


Sec. 1-2 CHARACTERISTICS OF PULSE WAVEFORMS 


11 



H-H- (a) 



FIGURE 1-10. Waveforms with rise and fall times and tilt. 


In Figure 1- 10(b) is a square wave which is symmetrical above and 
below ground level. Although there is obvious tilt, the leading and 
trailing edges are equal in amplitude. Thus if Zs, was measured as leading 
edge and E 2 as trailing edge, Equation (1-3) would give zero tilt. Instead, 
£ , and E 2 are each measured with respect to ground, as shown. 

EXAMPLE 1-2 

For the waveform displayed in Figure 1- 10(a), determine pulse amplitude, 
tilt, t ry t f , PW, PRF, mark-to-space ratio, and duty cycle. For the square 
waveform in Figure 1- 10(b), determine tilt. The vertical scale is 100 mV/ 
division, and the horizontal scale is 100 /xs/division in each case. 
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solution (a) 

Pulse amplitude, E 


E , + E 2 

2 


380 mV + 330 mV 

2 


= 355 mV 


Tilt 



380 mV - 330 mV x 
355 mV 


100% = 14.1% 


t r = (0.3 divisions) x ( 100 /xs/division) = 30 /xs 

t f = (0.4 divisions) x (100 /xs/division) = 40/xs 

T = (6.1 divisions) x ( 100 /xs/division) = 610 /xs 

PRF = 1/T = 1/610 /xs = 1639 pps 
PW = (2.2 divisions) x ( 100 /xs/division) = 220 /xs 

Space width = (3.9 divisions) x (100 /xs/division) = 390 /xs 

M/S ratio = = 0.564 1 

' 390 M s 

duty cycle = x 100% = 36.1% 

610 /xs 


solution (b) 


E x = (2.5 divisions) x (100 mV/division) = 250 mV 
E 2 = (2 divisions) x (100 mV/division) = 200 mV 


Average voltage = E = 


E i + E 2 250 mV + 200 mV 


Tilt = 


= 225 mV 

250 mV - 200 mV 
225 mV 


x 100% = 22.2% 


The square waveform shown in Figure 1-1 1(a) is symmetrical above 
and below ground level. The positive and negative peaks are of equal 
amplitudes and equal widths (i.e., t { = t 2 ). This means that the average 
value of the waveform is zero. If this waveform were applied to a dc 
voltmeter, the instrument would indicate zero. The average value of the 
waveform is found simply by summing the positive and negative areas 
enclosed by one cycle and dividing by the time period. 
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0 


J L 

1 2 


3 


j 

ms 


(a) 



0 1 


3 ms 


(b) 

FIGURE 1-11. Waveforms with the same peak-to-peak amplitude 
but different average values. 


Average voltage = K av = X ^ — * *— (1-4) 


For Figure 1-1 1(a): 


Average voltage 


(6 V x 1 ms) + (-6 V x 1 ms) 
2 ms 


OV 


The waveform of Figure 1-1 1(b), has no negative portion, and the 
average value is: 


V = 


(12 V x 1 ms) - (0) 


6 V 


2 ms 
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EXAMPLE 1-3 

Determine the average values of the pulse waveforms shown in Figures 
1-1 2(a), (b) and (c). 



0 1 2 3 4 5 6 ms 


JL 


(a) 



(b) 



0 1 2 3 4 5 6 ms 


(c) 


FIGURE 1-12. 


Pulse waveforms with different average values. 
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solution (o) 


v _ (^i x M + iVi x ^ 2 ) 

^av 


(12 V x 1 ms) + (0x3 ms) 
4 ms 


= 3 V 


solution (b) 


(10 V x 1 ms) + (-2 V x 3 ms) 
4 ms 


= 1 V 


solution (c) 


(14 V x 1 ms) + (2 V x 3 ms) 
4 ms 


= 5 V 


1-3 HARMONIC CONTENT 
OF WAVEFORMS 

In Figure 1-1 3(a) two signal generators are shown connected in 'series. 
Generator A is producing a sinusoidal output waveform as shown. The 
output of generator B is also a sine wave, but its frequency is three times 
the frequency from signal generator A. The amplitude of the output 
from B is also less than that from A. The waveform produced by the 
two generators in series shown in the figure, is the larger amplitude 
(and lower frequency) signal, with the smaller amplitude signal super- 
imposed. It is seen that the combination approximately resembles a 
square wave with its peaks dented. Figure 1-1 3(b) shows a third generator 
connected in series with A and B. The output from generator C is smaller 
in amplitude than that from B, and the frequency of this third signal 
is five times the frequency of the output of generator A. The waveform 
produced by the three generators in series now more closely resembles 
a square wave. It is important to note that the resultant waveforms 
shown in Figures 1-1 3(a) and (b) are produced only when the generators 
are synchronized, i.e. all component waves must commence exactly at the 
same instant. 


(a) Fundamental and 
third harmonic 




FIGURE 1-13. Combination of fundamental and harmonics to 
form approximate square wave. (Note that the signal generators must 
be synchronized.) 
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The building up of the approximate square waveform is easily seen 
by referring to Figure 1-14. In part (a) of the figure, the instantaneous 
amplitudes of waveforms A and B are added at a given time. At time 
for example, the amplitude of waveform A is 6.5 V, and that of B is 
approximately 2.5 V. Therefore the amplitude of the resultant waveform 
at time /, is 9 V (point 1). At time t 2 , the amplitude of B is zero, 
so the resultant amplitude is 8.5 V, that is, the amplitude of A at t 2 
(point 2). At f 3 , the amplitudes of B, -3V, and of A, 10 V, are added 
together to produce an amplitude of 7 V. When this process is con- 
tinued, it can be seen how the final waveform is constructed. 

The process of building up a particular waveform by combining 
several sine waves of different frequencies and amplitudes is referred to 



Volts 



I LJ I U I LJ I 1 I L 

0 hh h hh h hh h 'io^ii hi 


Time 

FIGURE 1-14. Addition of the instantaneous levels of a funda- 
mental and third harmonic. 
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as frequency synthesis. If the process were continued and more and 
higher frequency waveforms were added, the resultant each time would 
more closely resemble a square wave. 

The converse of frequency synthesis is harmonic analysis. In this 
process a waveform is analyzed to discover the sine wave frequencies it 
contains. By harmonic analysis, it can be shown that periodic non- 
sinusoidal waveforms are composed of combinations of pure sine waves. 
Some waveforms can also have dc components. One major component, 
a large amplitude sine wave of the same frequency as the periodic wave 
under consideration, is termed the fundamental. The other components 
of a periodic waveform are sine waves with frequencies which are exact 
multiples of the frequency of the fundamental. These waves, referred to 
as harmonics , are numbered according to the ratio between their fre- 
quencies and that of the fundamental. For example, a harmonic with a 
frequency exactly double that of the fundamental is called the second 
harmonic. The frequency of the third harmonic , obviously, is three times 
the fundamental frequency. 

By the mathematical operation known as Fourier analysis waveforms 
can be analyzed to determine their harmonic content. The amplitude of 
each harmonic and its phase relationship To the fundamental can be 
found. Also, the amplitude of any dc component can be calculated. 
A perfect square wave which is symmetrical above and below ground 
has been shown, by Fourier analysis, to have a fundamental component 
and odd-numbered harmonics, but no even-numbered harmonics and no 
dc component. A pulse waveform is found to contain both odd- and 
even-numbered harmonics and (usually) a dc component. Sawtooth 
waveforms, triangular waveforms, and rectified sine waves are made up 
of more complicated combinations of odd- and even-numbered har- 
monics. In all cases, the harmonic content actually goes to infinity, but 
the amplitudes of the harmonics decrease as their frequencies increase. 
Thus the higher frequency components are the least important. 

Information which can be derived by harmonic analysis becomes 
very important when considering the circuitry through which various 
waveforms are processed. Suppose a square wave with a frequency of 
! kHz is applied to an amplifier with an upper frequency limit of 15 kHz. 
In this case, the amplifier will not reproduce waveforms with frequencies 
greater than 15 kHz. Thus the amplifier will not pass harmonics of 1 kHz 
greater than the fifteenth. If the square wave applied to the same ampli- 
fier had a frequency of 5 kHz, only the first, second, and third harmonics 
would be passed. If a 5 kHz square wave were to be amplified, and if 
all harmonics up to the thirty-third were to be reproduced, then the 
amplifier must have an upper frequency limit greater than 33 x 5 kHz. 
Fifteen to twenty harmonics are usually required to reproduce a wave- 
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form in its original shape. For accurate reproduction, however, many 
more harmonics may be required. 

The number of harmonics required to accurately reproduce a pulse 
waveform with a small duty cycle is approximately inversely proportional 
to the duty cycle. 


Highest harmonic frequency = — — — — x PRF (1-5) 

6 m j Duty cycle 


EXAMPLE 1-4 

A pulse waveform has a PRF of 15 kHz and a duty cycle of 3%. (a) Deter- 
mine the frequency of the highest harmonic required for accurate recon- 
struction of the waveform, (b) If the 15 kHz pulse is to be amplified 
by equipment with a high frequency limit of 1.5 MHz, calculate the 
minimum pulse width that can be reproduced accurately. 

solution (a) 

Highest harmonic frequency = x 15 kHz 

= 500 kHz 


solution (b) 


1.5 MHz = 


1 


Duty cycle 


x 15 kHz 


•• Du,),cycle ■ ' 001 


and 


PW = Duty cycle x T 

PW = 0.01 X , ' . = 0.66 US 

15 kHz 


If a square wave is applied to circuitry that does not pass all the 
necessary frequency components, the resultant output is a distorted square 
wave. The type of distortion depends upon whether the circuitry has poor 
low-frequency response or poor high-frequency response. In Figure 
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FIGURE 1-15. Distortion on square waves due to poor frequency 
response of circuitry. 

1-1 5(a) the long rise and fall times of the square wave show that the 
high-frequency harmonics are attenuated and thus the circuit has poor 
high-frequency response. Figure 1- 15(b) shows the output from a circuit 
which has good high-frequency response but poor low-frequency re- 
sponse. The tilt on the top and bottom of the square wave results 
because the low-frequency components were not passed by the circuit. 
The waveform in 1-1 5(c) shows both long rise times and tilt. This result 
is obtained when the involved circuitry has neither a low enough nor 
a high enough frequency response for the applied square wave. When 
circuits overemphasize some of the high-frequency harmonics, overshoots 
are produced, as shown in Figure I- 15(d). 

When a square wave is applied to an amplifier the rise time of the 
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Shape of input wave 



FIGURE 1-16. Origin of rise time on square wave output from an 
amplifier. 

output waveform is limited by the time taken for the highest harmonic 
frequency to go from zero to its peak value (see Figure 1-16). Of course, 
the highest harmonic frequency that can be reproduced is the upper cutoff 
frequency f H . It is found that: 

l r = 0.35 x (Time period of/,/) 

. _ 0J5 (1-6) 

' = U 

By Equation (1-6) the output rise time can be predicted when the 
upper cutoff frequency of the circuitry is known. Equation (1-6) also 
affords a fast means of pulse testing to determine the cutoff frequency 
of any circuit or device. 

EXAMPLE 1-5 


The output waveform from an amplifier uncter pulse test has a rise time 
of 1 ^s. Determine the upper 3 dB frequency of the amplifier. 
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solution 

From Equation (1-6): 


f 0.35 

JH = — 


0.35 
1 n s 


= 350 kHz 


If a square wave is applied as input to an amplifier with a lower 
cutoff frequency of f L = 0, then the top of the output square wave is 
perfectly flat. When f L is greater than zero, however, tilt is present on 
the output waveform. As illustrated in Figure 1-17, the tilt is propor- 
tional to the ratio between the square wave time period T and the time 
period T L of the lower cutoff frequency. 


f L ~ Low cutoff frequency 



FIGURE 1-17. Origin of tilt on square wave output from an am- 
plifier. 


It is found that: 


Fractional tilt = w x 


L 

T L 


or 


Fractional tilt = 



(1-7) 
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EXAMPLE 1-6 

An amplifier with a low cutoff frequency of 10 Hz is to be employed 
for amplification of square waves. For the tilt on the output waveform 
to not exceed 2%, calculate the lowest input frequency that can be 
amplified. 

solution 

From Equation (1-7): 


/ = 

Fractional tilt 

. 7T x 10 Hz 
“ 002 

= 1.57 kHz 


EXAMPLE 1-7 


Determine the bandwidth required to amplify a 1-kHz square wave, if the 
rise time of the output is not to exceed 200 ns and 3% tilt is acceptable. 

solution 

From Equation ( 1-6): 


0.35 = 0.35 
t r 200 ns 


1.75 MHz 


From Equation (1-7): 


h = 


/ x Fractional tilt 
7 r 


1 kHz x 0.03 

7T 


= 9.5 Hz 


EXAMPLE 1-8 


Determine the upper and lower 3 dB frequencies of the circuitry which 
produced the output waveform shown in Figure 1-10. 
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solution 

From Example 1-2: 

t, = 30/*s PRF = 1639 pps Tilt = 14.1% 
From Equation (1-6): 


fn 


0.35 

tr 


0.35 

30 


116kHz 


From Equation (1-7): 


h = 


/ x (Fractional tilt) 

7T 


1639 x 0.141 

7 T 


73.6 Hz 


REVIEW QUESTIONS AND PROBLEMS 

1-1 Define: repetitive waveforms, periodic^waveforms, aperiodic wave- 
forms, transients. 

1-2 Draw sketches to show the shapes of the following waveforms: 
square, pulse, triangular, sawtooth, exponential. 

1-3 For a pulse waveform, define: leading edge, lagging edge, trailing 
edge, T, PRF, PRR, PW, PD, M/S ratio, duty cycle. 

1-4 For the pulse waveform illustrated in Figure 1-18, determine: pulse 
amplitude, PRF, PW, duty cycle, and M/S ratio. The vertical 



FIGURE 1-18. 


Problem 1-4. 
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scale is 0.1 V per division, and the horizontal scale is 1 ms per 
division. 

1-5 (a) Define rise time, fall time, and tilt, (b) Determine the percentage 

tilt on the square wave shown in Figure 1-19. 



FIGURE 1 - 19 . Problem 1-5. 


1-6 For the waveform displayed in Figure 1-20, determine: pulse ampli- 
tude, tilt, t r , l f , PW, PRF, M/S ratio, and duty cycle. The vertical 
scale is 1 V/division, and the horizontal scale is 10 /xs/division. 



FIGURE 1-20. 


Problem 1-6. 
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-L. 

2 


J i i 1 

3 4 5 6 ms 



-t- 


10 12 ms 


FIGURE 1-21. Problem 1-7. 


1-7 If the pulse waveforms shown in Figure 1-21 were applied to a dc 
voltmeter, determine the voltages that would be indicated in each 
case. 

1-8 (a) Define the following terms: fundamental, harmonic, frequency 

synthesis, harmonic analysis, (b) What harmonics will be passed 
by an amplifier which has an upper cutoff frequency of 1 MHz: 
(i) when a 10 kHz square wave is applied to it? and (ii) when the 
input is a 150 kHz square wave? 

1-9 (a) A 12 kHz pulse waveform is amplified by a circuit having a 

high-frequency limit of 1 MHz. Determine the minimum pulse 
width that can be reproduced accurately, (b) If the duty cycle of the 
12 kHz pulse waveform becomes 0.5%, determine the approximate 
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upper cutoff frequency of a circuit that will reproduce the wave- 
form accurately. 

1-10 Sketch a square wave which is amplified by equipment which: 
(a) has poor low-frequency response; (b) has poor high-frequency 
response: (c) over emphasizes high frequencies; (d) has a combina- 
tion of poor low-frequency and poor high-frequency responses. 

1-11 A 1 kHz square wave output from an amplifier has t r = 350 ns 
and tilt = 5%. Determine the upper and lower 3 dB frequencies 
of the amplifier. 

1-12 Calculate the rise time and tilt that may be expected on the square 
wave output of an amplifier with a bandwidth extending from 
10 Hz to 500 kHz. The applied square wave has a frequency of 
5 kHz. 

1-13 Determine the bandwidth of the circuitry which produced the out- 
put waveform shown in Figure 1-20 (Problem 1-6). 

1-14 Construct the waveform which results when the fundamental and 
harmonics shown in Figure 1-22 are added together. 



i 

0. 8 t 
1 0.8 


WWW 


FIGURE 1-22. 


Problem 1-14. 


Chapter 2 


Capacitive Resistive 
(CR) Circuits 


INTRODUCTION 

When a capacitor is charged from a dc voltage source, via a resistor, the 
instantaneous level of capacitor voltage may be calculated at any given time. 
There is a definite relationship between the time constant of a CR circuit, 
and the times required for the capacitor to charge to approximately 63% and 
99% of the input voltage. Also, an important relationship exists between 
the time constant of a circuit and the rise time of the output voltage from 
the circuit. Depending upon the arrangement of the CR circuit, it may be 
employed as an integrator or a differentiator. In each case, the circuit 
time constant must be related to the time period of the input waveform. 

2-1 CR CIRCUIT OPERATION 

Consider the circuit and graph shown in Figure 2-1. If the charge on 
capacitor C is zero at the instant that switch S is closed, then the voltage 
28 
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t 


(a) Circuit (b) e c plotted versus / 

FIGURE 2-1. Circuit for charging capacitor via resistor, and 
graph of capacitor voltage variation with respect to time. 


across R at t = 0 is 


Vr = E - e c 

where E is the supply voltage and e c is the capacitor voltage. The current 
through R at / = 0 is 



E - e c 

R 

= 10 V - 0 
1 ktt 

= 10 mA 


( 2 - 1 ) 


This current causes capacitor C to charge with the polarity shown, so 
that at some time /, the capacitor voltage e c might be 3 V [see Figure 
2- 1(b)]. This alters V R : 


Now, 


V R = E - e c 

= 10V - 3V = 7V 
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i c = (10 V - 3 V)/l kn = 7mA 

Because C accumulates some charge, the voltage across R is reduced; 
thus the charging current through R is reduced. Since the current is re- 
duced, C is being charged at a slower rate than before. After some longer 
time period, e c increases to 6 V (l 2 on the graph). Now, 

V R = 10 V - 6V = 4 V 


and 


i c 


4 V 
1 kil 


4 m A 


The charging current is now reduced more. Consequently, even a 
longer time period is required to charge C by another 3 V. 

The capacitor does not receive its charge at a constant rate. Instead, 
e c is continuously increasing, so the voltage across R is continuously de- 
creasing, and the charging current is decreasing. This means that C is 
charged at a rapid rate initially, and then the rate decreases as the capaci- 
tor voltage grows. 

It can be shown that the capacitor voltage follows an exponential 

law: 

e c = E - {E - E 0 )t™ (2-2) 

where 

e c = capacitor voltage at instant t 
E = charging voltage 
E 0 = initial charge on the capacitor 
6 = exponential constant = 2.718 
t = time from commencement of charge 
C = capacitance being charged 
R = charging resistance 

When there is no initial charge on the capacitor, 

E 0 = 0 


e c = E - [E - 0]e< 


or 
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(2-3) 


and, since 



E - E(\ - e c «) 
R 



lr = 


It CR 


(2-4) 


where / = E/R is the initial level of charging current when t = 0. 


EXAMPLE 2-1 


Calculate the levels of e c , the capacitor voltage across C in the circuit of 
Figure 2-1 (a), at 2 ms intervals from the instant when switch S is closed. 
Plot a graph of e c versus time. 

solution 

Since E 0 = 0, Equation (2-3) may be used to calculate e c . 

> 

II 

O 

> 

o 

li 

l 

5T 

ii 

point 1 

At / = 2 ms, 

-2ms 

= 10 V(1 - = 3.93 V 

point 2 

At / = 4 ms. 


—4ms 

e c = 10 V(1 - € 4 '* FxU0 ) = 6.32 V 

point 3 


At t = 6 ms. 


e c = 7.77 V 


point 4 
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At t = 8 ms. 

= 8.65 V 

point 5 

At t = 10 ms. 

= 9.18V 

point 6 

At / = 12 ms, 

e c = 9.5 V 

point 7 

At / = 14 ms, 

e c = 9.7 V 

point 8 

At t = 16 ms. 

e c = 9.82 V 

point 9 

The above points are plotted in Figure 2-2. 


EXAMPLE 2-2 . 

<a 


Determine the instantaneous levels of charging 
Figure 2-1 (a) at 2 ms time intervals from the 

current, in the circuit of 
instant that switch S is 


closed. Plot a graph showing i c versus time. 

solution 

By Equation (2-1); 


At t = 0, 


t = 2 ms, 


t = 4 ms, 


= 


E - e c 

R 


10V - 0 in A 

i c = = 10mA, 

c 1 kS2 


e c = 3.93 V (from Example 2-1) 
10V - 3.93V 


lr = 


1 k il 


= 6.07 mA 


10V - 6.32V 
1 kS2 


= 3.68 m A 


point 1 1 


point 12 


i , 


point 13 
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t = 6 ms, 


I = 8 ms, 


t = 10 ms, 


l = 12 ms, 


l = 14 ms, 


t = 16 ms. 


1 0 V - 7,77V 
1 kft 


2.23 mA 


10V - 8.65V 
1 kfl 


1.35 mA 


10V - 9,18V 
1 kft 


0.82 mA 


4 


10V - 9,5V 
1 k« 


0.5 mA 




10V - 9.7V 
1 kfl 


0.3 mA 


i c 


10V - 9,82V 
1 kQ 


0.18mA 


These points are plotted on Figure 2-2. 


point 14 


point 15 


point 16 


point 17 


point 18 


point 19 



FIGURE 2-2. Capacitor current and voltage plotted versus time. 
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Initial 

charging 

rate 




FIGURE 2-3. CR and / relationships to e c and i c . 

Referring to the graphs in Figure 2-3, where charging current and 
capacitor voltage are plotted versus time. It is seen that when t = 4 ms, 
e c is 6.32 V. In this case 4 ms is equal to the product of capacitance and 
resistance. That is. 


/ = C x R = 4 m F x 1 kS2 = 4 x 10' 3 
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Therefore, when t = CR , e c is 6.32 V or 63.2% of E. Consider Equation 
(2-3) once again: 



When / = CR , 


-CR 

e c = E(\ - e CR ) 

= E( 1 - e- 1 ) 

= E x 0.632 (2-5) 

Thus, when / = CR y e c - 63.2% of £, no matter what the value of E, 
C, or R. 

The product CR is termed the time constant of a circuit. As will be 
seen, the time constant is a very important quantity. It can be used to 
classify a circuit, and it can be related to the rise time of an output pulse. 
The Greek letter r is frequently employed as the symbol for the time con- 
stant. For a resistive capacitive circuit, r = CR. 

Now consider the equation for instantaneous charging current 
[Equation (2-4)]: 


lr = 


Ie CR 


and again let t = CR. 


i c = It " = It-' 
= I x 0.368 


or, when t = CR , 


i c = /(I - 0.632) (2-6) 

Thus, after time t = CR , the charging current is reduced by 
63.2% of its initial value [see Figure 2-3(b)]. If the charging current were 
to remain constant at its initial level, the quantity of charge contained in 
the capacitor would be: 


Q = I x t coulombs 
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also, 


0 = C x Kcoulombs 

where C is the capacitance (in farads), and V is the capacitor voltage (in 
volts). 

Therefore, 


It = CK 


or 


K = 


C 


(2-7) 


It is important to note that Equation (2-7) applies only to circuits in 
which the charging current is held at a constant level. It does not apply 
to the circuit of Figure 2-1 (a). However, this equation can be employed to 
learn a little more about the time constant CJL 

The initial level of charging current in an ordinary resistive capaci- 
tive circuit [as in Figure 2-l(a)] is / = E/R. If this were to remain con- 
stant then the time for the capacitor to become completely charged could 
be calculated from Equation (2-7). 


/ = 


CV 

I 


for V = E y and / = £//?, 


C x E 
E/R 


CR 


As illustrated by the broken line in Figure 2-3(a), with the initial 
charging current constant, the capacitor would be completely charged in a 
time period of / = CR. Again, note that the time constant is involved. 

Once again refer to Figure 2-3(a). It is seen that even after 16 ms, 
the capacitor is not completely charged to the level of the supply voltage. 
Theoretically, because the charging current continuously decreases, the 
capacitor cannot become completely charged to the supply voltage level. 
However, after a period of five time constants, that is, t = 5 x CR , the 
capacitor is more than 99% charged and, for all practical purposes, can be 
regarded as completely charged. For the circuit of Figure 2- 1(a), after 
t = 5 x CR the capacitor voltage is 
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e c = 10V(l - e c * ) = 9.93 V 


Similarly, it can be shown that i c reduces to less than 1% of its initial 
level (/) after a time period of 5 CR [see Figure 2-3(b)]. 

It was pointed out in Chapter 1 that the rise time of a pulse output 
from a circuit is determined as the time it takes for the output to go from 
10% to 90% of maximum output level. The CR circuit shown in Fig- 
ure 2- 1(a) has a step input of 10 V applied to it when switch S is closed. 
It has been shown that the output eventually approaches the maximum 
level of the step input. The rise time of the output can then be calculated 
as 


An expression for t at a given level of e c can be derived from Equa- 
tion (2-2): 


(/ate, = 90% E) - (t ate, = 10% E) 


e c = E - (E - E 0 )e 


-t 

CR 


-t 


(E - E„)e c * = E - e c 






For e c = 90% of E ( t 2 on Figure 2-3): 


t 2 = CR In 


(e - 0.9 e) ~ £ ) 


= 2.3 CR 



(2-9) 



For e c = 10% of E (/, on Figure 2-3): 
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t 


l 


CR In 


( £ ~° ) 

\E - 0.1 Ej 


= 0.1 CR 


Therefore the rise time of the output is 

t f = (/ 2 - /,) - CR(23 - 0.1) 
= 2.2 CR 


( 2 - 10 ) 


( 2 - 11 ) 


Equation (2-11) can be applied to any resistive capacitive circuit 
when the time constant CR is known. Sometimes a time constant is calcu- 
lated for an amplifier or for a single transistor. Then Equation (2-11) 
can be used to determine the rise time of an output pulse. It can also be 
shown that the upper cutoff frequency ( f H ) of a circuit is related to CR by 
the equation: 


fu - 


_1 

2t tCR * 

4 


( 2 - 12 ) 


To summarize the relationships between CR and e c and time; when 
t = CR , 


= 0.632 E 
i c = /(I - 0.632) 

when t = 5 CR , 

= 0.993 £ 
i c = 7(1 - 0.993) 

The output rise time, t r is equal to 2.2 CR and the upper cutoff frequency, 


2t tCR 


EXAMPLE 2-3 — 

A 1 /iF capacitor is charged from a 6V source through a 10 k Q resistor. 
If the capacitor has an initial charge of — 3 V, calculate its charge after 
8 ms. 
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solution 

By Equation (2-2), 


e c = E — (E — E a )e c * 


At / = 8 ms, 


-8ms 

e c = 6V - [6 V - (^3 V)]e UFx,0kfl 
= 6V - [9V] f - 08 = 1.96 V 


EXAMPLE 2-4 

A 5V step is switched on to a 39 k £ 2 resistor in series with a 500 pF 
capacitor. Calculate the rise time of the capacitor voltage, the time for 
the capacitor to charge to 63.2% of its maximum voltage, and the time for 
the capacitor to become completely charged. 

solution 

Rise time: 


t r = 22 CR 

= 2.2 x 500 pF x 39kfl 
= 42.9 ms 

e c - 0.632 £, at / = CR : 

t = 500 pF x 39 k!2 
= 19.5ms 

Capacitor is 99.3% charged at / = 5 CR: 

t = 97.5ms 


2-2 CR CIRCUIT RESPONSE TO 
SQUARE WAVES 

A resistive capacitive circuit with an input square wave is shown in Fig- 
ure 2-4(a). The capacitor voltage first increases from zero to a level e x at 
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1 

0 4 8 12 14 16ms 



FIGURE 2-4. CR circuit response to a square wave input. 

time/, [see Figure 2-4(b)]. Between /, and t 2 the applied voltage is zero, 
so the capacitor discharges to e 2 volts. Then the capacitor charges to a 
new level e 3 at time / 3 . To determine the level of e c at any time greater 
than t 2 it is necessary first to calculate e x at time /,. Then e 2 must be 
calculated using the initial charge on the capacitor as e x , and noting that 
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the input voltage is zero from /, to l 2 . Between t 2 and r 3 , the initial charge 
is e 2 volts, and the input voltage is again greater than zero. 

EXAMPLE 2-5 

Calculate the capacitor voltage in the circuit of Figure 2-4(a) at 14 ms 
from t = 0. 

solution 


e c = E - (E - E 0 )e c « 

At t = 4 ms. 


-4ms 

e c = 20 V - (20 V — 0)« l '‘ Fx3 - 3kO 
= 14.05 V [e, in Figure 2-4(b)] 


From t = 4 ms to t = 8 ms; E = 0 V and E a = 14.05 V. At t = 8 ms, 

-4ms 

e c = 0 - (0 - 14.05 V)€ ,MFx33kfl 
= 4.18 V [c 2 in Figure 2-4(b)] 


From t = 8 ms to / = 12 ms; E = 20 V and E 0 = 4. 1 8 V. At t = 12 ms, 

-4ms 

= 20 V - (20 V - 4.18 V)€ UFx33ka 
= 15.29 V [e 3 in Figure 2-4(b)] 


From / = 12 ms to t = 16ms;£ = 0 and E 0 = 15.29 V. At / = 14 ms, 

-2ms 

e c = 0 - (0 - 15.29 V)6 ,MFx33kQ 
= 8.34 V [e A in Figure 2-4(b)] 


After several intervals of charging, partially discharging, and re- 
charging, the capacitor voltage will eventually arrive at a settled condi- 
tion. When this occurs, the capacitor always charges to a maximum 
level, £ max , and discharges to a minimum level, £ min , as shown in Fig- 
ure 2-4(c). These final levels occur when the charging and discharging 
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voltages are equal. Thus, in Figure 2-4(c) £, = E 2 . Also £ max = £,, and 
£min = (E ~ E mM ). 

Calculating £ min , starting from E a = £ max and £ = OV, 


E mn = e c = 0 - (0 

-I 

- E e CR 

— ^ max t 

and since £ min = (£ - £ max ) 


E m ax)f 


E = E„ 


t CR + £ 


and 


= £ max (e c * + 1) 


EXAMPLE 2 6 


1 + 


(2-13) 


For the circuit of Figure 2-4(a) determine the maximum and minimum 
levels at which the capacitor voltage will settle. 

solution 

Refer to Equation (2- 1 3): 

E = — 

max _ t 

1 + 6 ™ 

= 20 V 

-4ms 

| + ( l M Fx3.3kQ 

= 15.41 V 


= 20 - 15.41 = 4.59 V 
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The charging current for the circuit of Figure 2-4(a) may be most 
easily calculated at any time as: 


K = 


E - e c 

R 


Note that during the time intervals when E = 0, i c is a negative quantity. 
Because the capacitor is discharging, the current through R is reversed. 
The charging current is also discussed in Section 2-4. 


2-3 INTEGRATING CIRCUITS 

Figure 2-5 shows a CR circuit with a square wave input and the output 
voltage taken across the capacitor. The shape of the output (capacitor) 
voltage waveform is dependent upon the relationship between the time 
constant (CR) and the pulse with (PW). 

Consider the case where CR is much smaller than PW [waveform 
(a) in Figure 2-5]. In Sec. 2-1, it was demonstrated that the capacitor is 
charged to 99.3% of the input voltage after time I = 5 CR: Let 

CR = jo PW 


Then, 


= 99.3% of E at / = 5 PW) 

That is, 

e c ~ E at t = \ PW 

In this case the output roughly approximates the square wave input. 
If CR is made smaller than jq PW, then the output even more closely re- 
sembles the square wave input. 

For the waveform (b) in Figure 2-5, CR is equal to the pulse width. 
In Sec. 2-1 it was shown that the capacitor is charged to 63.2% of the input 
voltage after time t = CR. However, the settled waveform has an am- 
plitude which is less than 63.2% of E. Under these conditions the wave- 
form of capacitor voltage begins to approach a triangular shape. 

When CR is made equal to ten times the pulse width, waveform of 
Figure 2-5 (c) results. In this case the CR circuit, as arranged, is referred 
to as an integrator. To understand how the circuit integrates, it is neces- 
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(a) e c for CR = 


(b) e c for CR = 


(c) e c for CR = 



FIGURE 2-5. Integrating circuit and output waveforms. 


sary to calculate the output voltage levels in relation to time. At CR 
10 x PW, use Equation (2-2) to obtain: 


e cl = E -(E - E a )t 


-PW 
10 PW 


~ E - Ee~ x ' XQ for E 0 = 0 
~ E( 1 - 0.9) 

~ 0.1 E 


To calculate e c] at £ PW: 
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-1/2 PW 

e c{ = E - Ee ,0PW 
= E - Ee' 1 ' 20 
~ E( 1 - 0.95) 

~ 0.05 E 

Th is result shows that after time e cX = 0.05 E and after t 2 = 2 
e c2 = 0.1 E. That is, e c2 ^ 2e cX when t 2 = 2 tX (see Figure 2-5). Thus the 
capacitor voltage is growing almost linearly. To further examine the out- 
put waveform when CR is 10 (or more) times the pulse width, consider 
Example 2-7. 

EXAMPLE 2-7 

The circuit shown in Figure 2-6 has the following pulse inputs applied: 
(a) E = 10 V, PW = 1 ms; (b) E = 10 V, PW = 2 ms; (c) E = 20 V, 
PW = 1ms. Calculate the level of e c at the end of each pulse. The initial 
charge on C is assumed to be zero. 

solution 

From Equation (2-2), 


E - (E - E 0 )e 


- 1 
CR 


For input (a): 

•1 ms 

e c(a) = 10 V - (10 V - 0V)f v<IOl,, 
~ 50 mV 

For input (b): 

- 2 ms 

<? C (b) =10V - (10 V - 0 V)£ 20 ^ Fx,0k “ 
~ 100 mV 

For input (c): 


- 1 ms 

e c(c) = 20 V - (20 V - 0V) ( M ' F ’ ,I# “ 
~ 100 mV 
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FIGURE 2-6. 
amplitudes. 


Integration of pulses having different widths and 
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Since the charging current remains substantially constant during the input 
PW, this problem can also be solved by using Equation (2-7): 


V = h 
C 



For input (a): 


e c( a) 


10 V x 1 ms 
10 ki2 x 20 mF 


50 mV 


For input (b): 


e c( b) 


10 V x 2 ms 
10 kil x 20 mF 


= 100 mV 


For input (c): 


e c( c) 


20 V x 1 ms 
10 ld2 x 20 mF 


100 mV 


Example 2-7 shows that when the pulse width is doubled, the output 
voltage is doubled. Because the charging rate is (almost) linear, the output 
amplitude is proportional to the pulse width. Also, when the pulse am- 
plitude is doubled, the output voltage is doubled. In this case, the charg- 
ing rate is increased in proportion to the input voltage. Thus, the output 
voltage is proportional to the product of the pulse width (PW) and the 
pulse amplitude (PA). That is, 

£> c oc PA x PW 

Figure 2-6 and Example 2-7 show that the output voltage from an 
integrating circuit is proportional to the area of the pulse expressed as 
(volts x time). An integrating circuit is a CR circuit with the output 
taken across the capacitor, and CR > (10 x PW). In other integrator 
circuits to be discussed in Chapter 7, the capacitor charging current is held 
constant by the use of additional components. 

Figure 2-7 illustrates the integration of a sine wave. From time zero 
at the peak of the sine wave, the wave is divided into sections of equal 
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FIGURE 2-7. Integration of a sine wave. 


widths. The height of each section corresponds approximately to the in- 
stantaneous sine wave amplitude. Thus the sine wave is represented by a 
series of pulses of varying amplitudes. The first pulse causes a linear in- 
crease in capacitor voltage from time 0 to This produces output vol- 
tage Ac,. The second pulse, from /, to f 2 , also produces a linear increase 
in the capacitor voltage. However, the pulse amplitude is now smaller, 
so that the rate of increase in capacitor voltage is reduced. Thus Ae 2 is 
less than Ac,. Similarly, the third and fourth pulses produce linear vol- 
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tage increases, at decreasing rates. Since pulse 5 is negative, it causes the 
capacitor voltage to decrease by a small amount equal to the increase 
(Ae 4 ) produced by pulse 4. Also, negative pulses 6, 7, and 8 linearly de- 
crease the output (capacitor) voltage. Extending the waveforms (broken 
lines), it is seen that integration of the sine wave input produces a nega- 
tive cosine wave output. 


2-4 DIFFERENTIATING CIRCUITS 

When the output from a CR circuit is taken across R , the output voltage 
is the differential of the input. As in the case of the integrating circuit, 
the relationship between CR and the pulse width is important. Figure 
2-8 shows the various output waveforms that can occur, depending upon 
PW andCR. 

The voltage across R is the product of the charging current and the 
resistance, that is, e R = i c x R . When the time constant CR is 10 times 
the pulse width (or greater), the capacitor charges very little during the 
pulse time. The charging current falls only a small amount from its initial 
level [see waveform (a) in Figure 2-8]. Thus, e R remains almost constant 
during the PW. During the space width the capacitor is discharged, and 
i c is a negative quantity. The resistor voltage is now negative and, again, 
remains nearly constant for the discharge time. 

If CR is made equal to the pulse width, the capacitor is charged to 
approximately 60% of the input voltage during the pulse time. Conse- 
quently the charging current falls by about 60% of its initial value, giving 
an output waveform with a very pronounced tilt [see the waveform in 
Figure 2-8(b)]. 

When CR is less than one-tenth of the pulse width, the capacitor is 
charged very rapidly. Only a brief pulse of current is necessary to charge 
and discharge the capacitor at the beginning and end of the pulse. The 
resultant waveform of resistor voltage is a series of positive and negative 
spikes at the pulse leading and lagging edges, respectively [see Figure 
2-8(c)]. The differential of a quantity is a measure of the rate of change of 
the quantity. At the leading edge of the pulse (for CR = n* PW), the 
input voltage is changing rapidly in a positive direction. At the lagging 
edge of the pulse, the input voltage is changing rapidly in a negative direc- 
tion. During both the pulse width and the space width, the input voltage 
does not change at all. Thus, it is seen that the positive and negative 
spikes with intervening spaces do indeed represent a differentiated square 
wave. 

When a ramp voltage is applied to the input of a differentiating 
circuit, the resultant output is a constant dc voltage level (Figure 2-9). 
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While the input voltage continuously increases, the capacitor cannot be- 
come completely charged. Hence, the instantaneous capacitor voltage is 
always slightly less than the instantaneous input voltage. This small dif- 
ference in E and e c is developed across R, giving a constant level of charg- 
ing current, and thus a constant level of e R . While the ramp increases 
positively, the capacitor is charged with the polarity shown and i c pro- 
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Input (a) 


Output (a) 


Input (b) 


Output (b) ►* 




FIGURE 2-9. Differentiation of ramp voltage changes. 


duces a positive level of e R . When the ramp goes negative, i c is reversed 
and, consequently, e R is negative. 


EXAMPLE 2-8 

For inputs (a) and (b), calculate the level of the outputs from the differ- 
entiating circuit shown in Figure 2-9. 
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solution 

At the end of the input ramp e c ^ £ max . Since the charging current is 
constant. Equation (2-7), V = It/C , may be applied. For the 10 V ramp: 


I = 



1/zFx 10 V 
100 ms 


0.1 mA 


and 


e R = / x R = 0.1 mA x 1 k!2 = 0.1 V 


For the 20 V ramp: 


/ = 



1 M F x 20 V 
100 ms 


0.2 mA 


and 


e R = / x R = 0.2 mA x *1 k$2 = 0.2 V 


In Example 2-8, the rate of change of the 10 V ramp is 10 V/100 ms, 
that is, 0.1 V/ms. For the 20 V ramp, the rate of change is 0.2 V/ms. 
Thus as shown in the example, the differential output doubles when the 
rate of change of input voltage is doubled. 

From Example 2-8 an equation for the output from a differentiating 
circuit is 


e R = CR x ^ (2-14) 

That is, e R = CR x (rate of change of input). This equation may be ap- 
plied in the case of pulse waveforms with known rise and fall times, as 
illustrated in Figure 2-10. 


EXAMPLE 2-9 


Calculate the amplitude of the differentiated output waveform for the 
circuit and input pulse shown in Figure 2-10. 
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100 pF 




solution 

e R = CR x (slope) 

£>*, = CR x ^ = 100 pF x 1 kO x 10 V/ms 

^ r 

= 1 V 

e R2 = CR x ^ = 100 pF x 1 kil x 10V/3 ms 

V 

= 0.3 V 
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The process by which a sine wave is differentiated is illustrated in 
Figure 2-11. At the peak of the sine wave (/ = 0), the rate of change of 
the voltage is zero. Thus the differentiated output voltage is zero. At time 
the sine wave amplitude decreases, producing a negative rate of change. 
Consequently, the differentiated output voltage is — e x . At t 2 and t 3 the 
negative rate of change increases and becomes maximum at t 4 . The differ- 
entiated output, therefore, increases negatively through -e 2 and -e 3 to 
-e 4 . Beyond f 4 , the negative rate of change decreases to zero at / 8 . Ex- 
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tending the waveform (broken lines) the differential of a sine wave is 
shown to be a cosine wave. 


REVIEW QUESTIONS AND PROBLEMS 

2-1 A capacitor C is charged from a voltage source E, via a resistance 
R . The general formula for the capacitor voltage is 

e c = E - (E - E 0 )e ** 

(a) Derive an expression for the time required for the capacitor 
voltage to go from 10% to 90% of its maximum level, (b) Derive 
expressions for e c when t = CR and when t = SCR. 

2-2 TheCR circuit shown in Figure 2-6 has a 20 V dc voltage input. 
Plot the graphs of e c and e R versus time. 

2-3 A 10 fiF capacitor is charged via a 10 k il resistance from a 5V 
source. If the capacitor has an initial charge of -2 V, calculate its 
charge after 50 ms. 

2-4 For Problem 2-3, determine the level of charging current after 
35 ms. 

2-5 For Problem 2-3, calculate the time required for the capacitor to 
charge to 4.5 V. 

2-6 A 10 V step is switched on to a 22 kO resistor in series with a 300 pF 
capacitor. Calculate the rise time of the capacitor voltage, the time 
for the capacitor to charge to 63.2% of its maximum voltage, and 
the time for the capacitor to become completely charged. 

2-7 If the square wave input to the circuit shown in Figure 2-4 (a) has a 
frequency of 250 Hz, and an amplitude of 15 V, determine the 
capacitor voltage at / = 7 ms. 

2-8 For Problem 2-7, determine the maximum and minimum levels of 
capacitor voltage when the waveform has settled. Sketch the wave- 
form of e c to show its relationship to the input square wave. 

2-9 For Problem 2-7, determine the maximum and minimum levels of 
charging current when the waveform has settled. Sketch the wave- 
form of i c to show its relationship to the e c waveform. 

2-10 For the circuit and input shown in Figure 2-12; (a) determine the 
level of e c and i c at t = 2.5 ms. (b) Sketch the settled waveform 
of e c . 

2-11 Sketch an integrating circuit with a square wave input. Show the 
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R 



FIGURE 2-12. Circuit and input for Problem 2-10. 

output waveforms for (a) CR ^ 10 x PW, (b) CR — A PW, 
(c) CR ^ PW. 

2-12 Explain why the output of an integrating circuit represents the in- 
tegration of the input waveform. 

2-13 Sketch the shape of the output waveform from an integrator when 
the input is a cosine wave. 

2-14 A pulse having an amplitude of 5 V and a PW of 100 fis is applied 
to the CR circuit shown in Figure 2-f2. Determine the amplitude 
of e c at the end of the pulse. If the input PW gpes to 150 ms and the 
amplitude goes to 7.5 V, calculate the new level of e c at the end of 
the pulse time. 

2-15 Sketch a differentiating circuit with a square wave input. Show 
the waveforms for (a) CR — jq PW, (b) CR ^ 10 x PW, (c) 
CR ~ PW. 

2-16 Explain why the output of a differentiating circuit represents the 
differential of the input waveform. 

2-17 Sketch the shape of the output waveform from a differentiator 
when the input is a cosine wave. 

2-18 A 100 Hz triangular wave with a peak-to-peak amplitude of 9 V is 
applied to a differentiating circuit. R = 1 Mi] and C = 100 pF. 
Calculate the output amplitude and sketch the waveform of the 
output. 

2-19 A pulse with a rise time of t r = 500 ns, a fall time of t f = 1 ms, 
PA = 12 V, and PW = 10 fis is applied to a differentiating circuit 
with C = 200 pF and R = 470 0. Determine the amplitude of the 
differentiated outputs, and sketch the output waveform. 


Chapter 3 


Diode Switching 


INTRODUCTION 

Because it passes a large current when forward-biased and an extremely 
small current when reverse-biased, a semiconductor diode can be employed 
as a switch. The speed with which a diode can be switched is determined by 
the reverse recovery time of the device. Diodes are widely applied to cup 
unwanted portions from a waveform, or to clamp the peak of a waveform to 
a desired dc level. Zener diodes may be used as reference voltage sources in 
clipping and clamping circuits. 


3-1 THE DIODE AS A SWITCH 

Typical characteristics for a low-current silicon diode are shown in Fig- 
ure 3-1. It is seen that when the forward bias voltage V F exceeds approxi- 
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FIGURE 3-1. Forward and reverse characteristics for a typical 
low current silicon diode. 


mately 0.7 V the forward current I F is approximately 20 mA. Above the 
20 mA level, I F increases substantially with very small increases in V F . 
The reverse characteristics show an approximately constant reverse satura- 
tion current I s of 1 ptA for reverse voltages ranging up to reverse break- 
down at 75 V. (Some diodes can survive reverse biases much greater than 
75 V.) Since the typical reverse current is on the order of 1/20,000 of the 
forward current, the reverse current can be neglected for many purposes. 
The diode is then thought of as a one-way device. It simulates a switch, 
which is closed when the device is forward-biased and open when it is 
reverse-biased. 

A switch is characterized by zero voltage drop when closed and zero 
current when open. This is true, as well, of an ideal diode. Figure 3-2(a) 
illustrates these characteristics of a switch, and Figures 3-2(b) and (c) 
show similar approximate diode characteristics. The silicon device has a 
typical forward voltage drop of 0.7 V, while V F for the germanium diode 
is approximately 0.3 V. For both silicon and germanium, the reverse cur- 
rent is normally very small. 

In a great many applications, diode characteristics can be ignored. 
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(a) Switch and ideal 
diode characteristic 



h 

Yr 

(b) Approximate characteristics 


0.3 V 

for a germanium diode 



Yf 

Ir 


h" 

Yr 

(c) Approximate characteristics 


0.7 V 

for a silicon diode 

Yr " 

' l R 


FIGURE 3-2. Switch characteristics and approximate diode char- 
acteristics. 


The device is assumed to have a constant forward voltage drop V F when 
forward-biased and a constant (temperature dependent) reverse leakage 
current l s when reverse-biased. To select a diode for a particular applica- 
tion, it is necessary to determine the forward current that must be passed, 
the power dissipation, the reverse voltage, and the maximum leakage cur- 
rent that can be tolerated. Another item that must be considered is the 
required operating frequency of the diode. 

The effect of a sudden change of a diode from forward bias to re- 
verse bias is illustrated in Figure 3-3(a). Instead of switching off sharply 


60 


Chap. 3 DIODE SWITCHING 


V F 


Applied voltage 



Vr 




(b) l R minimized by 
making tf » t rr 


FIGURE 3-3. EfTect of diode reverse recovery time. 

when the input becomes negative, the diode initially conducts in reverse. 
The reverse current I R is at first equal to I F ; then it gradually falls off to 
the reverse saturation level I s . At the instant of reverse bias there are 
charge carriers crossing the junction depletion region, and these must be 
removed. This removal of charge carriers constitutes the reverse current 
I R . The reverse recovery time t rr is the time required for the reverse current 
to go to I s . Typical values of t rr range from 4 ns to 50 ns. 

If the diode forward current is reduced to a very small value before 
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the device is reverse-biased, then the reverse current will also be very 
small. Even when a large forward current is flowing, the reverse current 
can be kept small if the forward current is reduced slowly. This means 
that for minimum reverse current, the fall time of forward current should 
be much longer than the diode reverse recovery time [see Figure 3-3(b)]. 


3-2 THE ZENER DIODE 

The symbol for and characteristics of a Zener diode are shown in Fig- 
ure 3-4. This device is a semiconductor diode designed to operate in the 
reverse breakdown region of its characteristics. If the reverse current is 
maintained within certain limits, the voltage drop across the diode is 
maintained at a reliable constant level. Thus the Zener diode (also known 
as an avalanche diode or breakdown diode ) is useful as a voltage reference 
source. 



FIGURE 3-4. 


Zener diode characteristic. 
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From Figure 3-4(b), V z is the Zener voltage measured at test cur- 
rent l ZT . The knee current, I ZK , is the minimum current that should pass 
through the device to maintain a constant V z . The maximum Zener cur- 
rent that may be passed for the device not to exceed maximum permissible 
power dissipation is designated as I ZM . 

For correct operation a Zener diode must be positively biased on the 
cathode and negatively biased on the anode; that is, it must be reverse- 
biased. When the reverse voltage is smaller than V z only the normal diode 
reverse saturation current I s flows. When the Zener diode is forward-biased 
it behaves as an ordinary diode. Thus a large forward current flows, and 
the diode voltage is typically V F = 0.7 V. 

3-3 DIODE CUPPER CIRCUITS 

3-3.1 Series Clipper 

A clipper (or limiter) circuit is one that clips off a portion of an input 
waveform. Two clipping circuits are shown in Figure 3-5. In the nega- 






FIGURE 3-5. Negative and positive series clipping circuits. 
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tive series clipper, the diode is forward-biased when the input becomes 
positive. Thus, the output voltage at this time is the peak input voltage 
minus the diode voltage drop. When the input becomes negative, the 
diode is reverse-biased and the reverse saturation current I s flows through 
resistor/?,. The output then is a very small negative voltage ~(I S x i?,). 
The resultant output waveform from the circuit is essentially the input, 
with the negative portion clipped off. 

The positive series clipper operates in the same way as the negative 
clipper except that, in this case, the diode is turned around, and the posi- 
tive portion of the input waveform is clipped off. 


EXAMPLE 3-1 


The negative series clipping circuit in Figure 3-5(a) is to have an input of 
E = ±50 V. The output current from the circuit is to be I L = 20 m A, and 
the negative output voltage —V Q is not to exceed 0.5 V. Calculate the 
value of /?,. Specify the diode in terms of forward current, power dissipa- 
tion, and peak reverse voltage. 

solution 

For a negative input: 


Is 

-K 


5 /i A (typical) 

Is x *1 
V 0 5V 

= 100 ki2 

I s 5 fx A 


Use a 100 k!2 standard value (see Appendix 2). 
Diode peak reverse voltage: 


-E = -50V 


For a positive input: 



= 50 V 
100 k 12 

~ 0.5 mA 


Power dissipation in /?,: 
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= = (50 V) 2 

R 100 kfl 

= 25 mW 


Diode forward current: 


If ~ + Ir\ 

= 20 mA + 0.5 mA 
= 20.5 mA 


Diode power dissipation: 

Pdx = V F x I F 

= 0.7 V x 20.5 mA (for a silicon diode) 
= 14.35 mW 


EXAMPLE 3-2 1 

From the diode data sheets in Appendix l select a suitable device for the 
circuit designed in Example 3-1. 

solution 

From Example 3-1: 

Reverse saturation current I s = 5/zA 
Peak reverse voltage E = 50 V 
Forward current I F = 20.5 mA 

Therefore, the diode selected must have a reverse current I R not greater 
than 5 pA, a maximum reverse voltage V R not less than 50 V, and a maxi- 
mum forward current not less than 20.5 mA. The 1N914, 1N915, and 
1N916 diodes fulfill all of the required conditions. The 1N917 can take a 
maximum reverse voltage of only 30 V; therefore it is not suitable. 


3-3.2 Series Noise Clipper 

Frequently a signal has unwanted voltage fluctuation (called noise) which 
can trigger sensitive circuits. To eliminate noise, a series noise clipping 
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circuit may be employed. If the noise is considerably smaller than the 
normal forward voltage drop of a diode and the signal voltages are larger 
than V F , then the diode noise clipper shown in Figure 3-6(a) may be em- 
ployed. Since the peaks of noise voltage are not large enough to forward 
bias either Z), or Z) 2 , the output during the time between signals is zero. 
The wanted signals readily forward bias the diodes, and the output peak 
voltage is ( E — V F ). A dead zone of ± V F exists around ground level at 
the output. This simply indicates that for signals to be passed to the out- 
put, they must exceed ± V F . 




+ (*- V F ) 


i 

T 


Output 

_+K f 


-(£- V F ) 


(a) Diode noise clipper 



FIGURE 3-6. 


Series noise clipping circuits. 
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When noise is too large for ordinary diodes, Zener diodes can be 
used, as shown in Figure 3-6(b). In this case, when the signal input goes 
positive, D ] behaves as an ordinary forward-biased diode, while D 2 goes 
into breakdown. Similarly, when the signal is negative, D 2 is forward- 
biased and D ] is in breakdown. The dead zone is now ±(V F + K z ), and 
only signals greater than this will be passed to the output. That is, the 
signals must be large enough to drive one diode into breakdown and to 
forward bias the other diode. The voltage drop across the two diodes is 
subtracted from the input signal, so the output peak is (E - V F - V z ). 

EXAMPLE 3-3 

The Zener diode noise clipper in Figure 3-6(b) has input signals of E = 
±6V. The input noise has an amplitude of ±2V. Specify the Zener 
diodes required and calculate the resistance of R x . Also calculate the 
amplitude of the output signals. 


From the Zener diode data sheet in Appendix 1-3, the IN746 with V z = 
3.3 V is a suitable device. The output signal amplitude is 


In the absence of a load current, R x must pass enough current to 
keep the diode conducting when the signal is present. From the data 
sheet, l ZT = 20 mA. To ensure that I RX is greater than I ZK , make 


solution 


K z > 2 V 


K = HE - V F - v z ) 

= ±(6 V - 0.7 V - 3.3 V) 
= ±2 V 



= 5 mA 


and 


v RI = K = ±2 V 



I RX 5 mA 
= 40012 


Use a standard value resistor (R x = 39012). See Appendix 2. 
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Power dissipation in is 



= (2 V) 2 

390 ^ 

= 10.3 mW 


3-3.3 Shunt Clipper 

Negative and positive shunt clipping circuits are shown in Figure 3-7. In 
each case the clipping circuit is applied to protect the base-emitter junc- 
tion of a transistor from excessive reverse bias. Most transistors will not 




FIGURE 3-7. 


Negative and positive shunt clipping circuits. 
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survive more than 5 V applied in reverse across the base-emitter junction. 
Consequently, when input signals are greater than 5 V, some sort of pro- 
tective circuitry is needed. 

In the circuit of Figure 3-7(a), the negative portion of the input sig- 
nal is clipped ofT to protect the npn transistor. When the signal becomes 
positive, D x is reverse-biased and all of the current I 0 flows through the 
transistor base. The voltage at the transistor base, i.e., the clipper out- 
put, is 


(Input voltage) - (Voltage drop across R x ) = E - I 0 R X 

When the input becomes negative, the transistor base-emitter junc- 
tion is reverse-biased, and the diode is forward-biased. Since the diode 
is in parallel with the transistor input, the maximum reverse base-emitter 
voltage is limited to the diode forward voltage drop V F . 

Diode D x in Figure 3-7(b) is forward-biased when the input is posi- 
tive. Thus, the transistor base-emitter voltage is limited to V Fl positive on 
the base and negative on the emitter, which is reverse-biased for the pnp 
transistor. When the input becomes negative, D , is reverse-biased and 
I 0 flows through the transistor base. 

EXAMPLE 3-4 


The negative shunt clipper circuit in Figure 3-7(a) is to have an output 
voltage of 9 V, and output current of approximately 1 mA. If the input 
voltage is ± 10 V, calculate the value of R x and the diode forward current. 

solution 

When the input is -f 10 V: 


Output = 

/.* i = 

R x = 


9 V 
E - 
1 V 

K 


= E - I 0 R X 
9 V = 10V - 9V = 


1 V 
1 mA 


1 kil 


1 V 


When the input is - 10 V, D x is forward-biased and 


V F ~ 0.7 V 
V F = E - I f R x 

j = E - V F = 10 V - 0.7 V 
F /?, I k£2 


= 9.3 mA 
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3-3.4 Biased Shunt Clipper 

All the shunt clipping circuits discussed clip off either the positive or the 
negative portion of an input waveform. The unwanted output is limited to 
a maximum of V F above or below ground. In the circuit of Figure 3-8(a), 
diode Z), has its cathode connected to a bias of 2 V. In this case the 
diode will not be forward-biased while the output of the clipping circuit 
is below 2 V. The presence of Z), then limits the positive output to a 
maximum of (2 V + V F ). Similarly, D 1 will be reverse-biased until the 
output is more negative than -2 V. This limits the negative output to a 
maximum of -(2 V + V F ). 

The biased shunt clipper normally is used to protect a device or cir- 



(a) Biased diode shunt clipper 


+ E 


Input 


_T 


- E 


-VWIr 

*! 


Output +(V Fl + V z2 ) 




It £), 


X 


+ ^l) 


1 


(b) Zener shunt clipper 


FIGURE 3-8. 
clipper circuit. 


Biased diode shunt clipper circuit and Zener shunt 
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cuit which has both positive and negative input signals. The bias voltage 
is selected to prevent the input (either positive or negative) from exceed- 
ing a maximum safe level. 

The Zener clipper shown in Figure 3-8(b) performs a function simi- 
lar to that of the circuit of Figure 3-8(a). In this case, however, no 
separate bias voltage supplies are necessary. When the input signal be- 
comes positive, Z), operates like an ordinary forward-biased diode while 
D 2 goes into Zener breakdown. The output voltage at this time is ( V F , + 
V Z2 ). When the input is negative, is in Zener breakdown and D 2 is 
forward-biased. The output voltage now is -( V F2 + V ZI ). 


EXAMPLE 3-5 

A biased shunt clipper circuit [as shown in Figure 3-8(a)] is to be de- 
signed to protect a circuit which cannot accept voltages exceeding V 0 = 
±2.7 V. The input to the clipper is a ±8 V square wave, and the output 
current is to be a maximum of 1 mA. Calculate the value of R x and 
specify the diodes to be used. % 

solution 

To ensure that the diodes become properly forward-biased, take the mini- 
mum forward current I F as 10 mA (see the typical diode characteristics in 
Figure 3-1). 


V Q = bias voltage V B + diode voltage drop V F 
fg = V Q — V F 

= 2.7 V - 0.7 V (using a silicon diode) 
= 2 V 


Voltage across /?, = (l F + I Q ) x R ] 


(If + Io) x 7? | 
Ri 


= E - V B - V F 
= E - V B - V F 
l F + Io 


= 8 V - 2 V — 0.7 V 
10 mA + 1 mA 

= 482 12 [use 470 12 standard value 
resistor (see Appendix 2)] 
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The diodes selected should be low current devices with V F ~ 0.7 V at 
Ip = 10 m A, and should have a peak reverse voltage greater than 10 V. 


EXAMPLE 3-6 

Design a Zener diode shunt clipper circuit [as shown in Figure 3-8(b)] to 
be connected between a ±25 V square wave signal and a circuit which 
cannot accept inputs greater than ±1 1 V. The output current is to be a 
maximum of 1 mA. 

solution 

Clipper circuit output is V Q = ±11 V 


V 0 = V F + V z 


Vz- Vo - V F 


= 11 V - 0.7 V = 10.3 V 


Refer to the breakdown diode data sheet in Appendix 1-3; 


V z = 10 V for the 1 N758 device 


Use 1N758 breakdown diodes. 


V Rl = E - V 0 

= E -•(>>+ V z ) 

= 25 V - 10 V - 0.7 V = 14.3 V 


To ensure that / z > I ZK make 


/ ^ 1 1 

l z — 4 *zr 

= | x 20 mA = 5 mA 


= Iz + lo 

= 5 mA ± 1 mA = 6 mA 



[use a 2.2 kS2 standard value 
resistor (see Appendix 2)] 
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3-4 DIODE CLAMPER CIRCUITS 

3-4.1 Negative and Positive Clamping Circuits 

The clamper circuit (also known as a dc restorer circuit) changes the dc 
level but does not affect the shape of a waveform. When the input is posi- 
tive, in the negative voltage clamper circuit of Figure 3-9(a), diode D { is 
forward-biased, and capacitor C, charges with the polarity shown. 
During the positive input peak, the output cannot exceed the diode for- 
ward bias voltage V F . At this time, therefore, the voltage on the right- 
hand side (RHS) of the capacitor is +V F , while on the left-hand side 
(LHS) of the capacitor the voltage is +E. Thus, the capacitor is charged 
to E - V F , positive on the LHS, negative on the RHS, as shown. 

When the input becomes negative the diode is reverse-biased and it 
has no further effect on the capacitor voltage. Also, resistor /?, has a very 
large value and cannot discharge the capacitor significantly during the 




(b) Positive voltage clamper 

FIGURE 3-9. Negative and positive clamping circuits. 
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negative (or positive) portion of the waveform. While the input is nega- 
tive, the output voltage is the sum of the input voltage and the capacitor 
voltage. Since the polarity of the capacitor voltage is the same as the 
(negative) input, the result is a negative output larger than the input 
voltage. 

Thus 


Negative output = -E - (E — V F ) 

= -(2 E - V F ) 

The peak-to-peak ( p-to-p ) output is the difference between the nega- 
tive and positive peak voltages. 

p-to-p output = (positive peak) - (negative peak) 

= V F ~ [-(2 E - V F )} 

= 2 E 

It is seen that the output waveform from the negative voltage clamper 
is exactly the same as the input waveform. Instead of being symmetrical 
above and below ground, however, the output positive peak is clamped to 
a level of V F above ground. The difference between clipping and clamping 
circuits, is that while the clipper clips off an unwanted portion of the input 
waveform, the clamper simply clamps the maximum positive or negative 
peak to a desired dc level. 

The function of R { is to discharge C\ over several cycles of the input 
waveform. This would not be necessary if the input signal never changed. 
However if the input is made smaller, C, must be partially discharged 
for the positive output peak to rise to V F once again. 

The positive voltage clamping circuit [Figure 3-9(b)] functions in ex- 
actly the same way as the negative voltage clamper. The diode, connected 
as shown, clamps the negative output peak at — V F . Capacitor C, charges 
to E - V F positive on the RHS, negative on the LHS. The positive out- 
put then becomes 2 E - V F . 

To design a clamping circuit, C, should be selected so that it be- 
comes completely charged during about five cycles of the input waveform. 
Since a capacitor takes approximately five time constants to become fully 
charged. 


5 CR = 5 x PW, 


where PW is the width of the pulse which forward-biases the diode. 
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CR = PW 


In this case, R is the total resistance in series with the capacitor when it is 
being charged. This is the sum of the source resistance R s and the diode 
forward resistance R F [ see Figure 3-10 (a)]. 


C(R S + R f ) = PW 


Since usually R s >> R F , 


CR S = PW (3-1) 

When the capacitor partially discharges during the negative input 



Output 

n 


2 E 



(b) Discharge of C, 

FIGURE 3-10. Capacitor charge and discharge circuits for 
clamping circuit. 
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peak (for a negative voltage clamper), some tilt will appear on the output, 
as shown in Figure 3-10 (b). The acceptable amount of tilt determines the 
value of the discharge resistor R x . The voltage across R x during this time 
is approximately 2 E. Therefore, the discharge current is 


The diode reverse resistance is also involved but, since it is in parallel with 
R\ and is very much larger than R u it may be neglected. The current / re- 
mains approximately constant during the discharge time so Equation 
(2-7), V = It/C, may be applied. In this case, a change in capacitor volt- 
age A V is involved. Replacing I with (2E)/R { in the equation gives: 


or 


A V 



t 

C 


/?, = 2Et 
A VC 


(3-2) 


EXAMPLE 3-7 

A negative voltage clamper has a 1 kH z square wave input with an ampli- 
tude of ±10 V. The signal source resistance R s is 500 12, and the tilt on 
the output waveform is not to exceed 1%. Design a suitable circuit. 

solution 

For the input, 


T 



1 

1 kHz 


1 ms 


and PW = ^ T = 500 jzs. From Equation (3-1), 


PW 

“*7 

500 fis 


500 12 
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For 1% tilt on the output, 


A V = 0.01 (2 E) 


From Equation (3-2), 




2 Et 

0.01 (2 E) x C 


t 

0.01 c 


and / = PW = 500 n s, 




500 ps 

0.01 x 1 pF 


50 k n 


(use 47 kf2 standard value) 


3-4.2 Biased Clamping Circuits \ 

In the biased clamping circuit shown in Figure 3-11 (a), the cathode of 
diode D x is connected to a 2 V bias level. When the input becomes posi- 
tive, the output level is clamped to the bias level plus the diode voltage 
drop, that is, 2 V + V F . At this time the voltage on the RHS of C, is 
2 V + V F , and on the LHS is E. Therefore, C, charges to E -(2 V + K F ), 
positive on the LHS and negative on the RHS. When the input goes to 
-E, the output becomes -E plus the capacitor voltage. That is. 

Negative output = -\E + (E - 2 V - V F )) 

= -(2E - 2 V - V F ) 

and the peak-to-peak output is equal to (positive peak) - (negative peak), 
or 


p-to-p output = (2 V + V F ) - [-(2 E - 2V - V F )\ 

= 2 E 

It is seen that, although the output is clamped to a maximum dc level of 
2 V + V F , the waveform shape is unchanged. As before, the function of 
E\ is to partially discharge C, over several cycles of the input. The 
clamper circuit in Figure 3-1 1 (b) is similar to that in Figure 3-1 1 (a) ex- 
cept that the diode is inverted. Since the capacitor charges with a different 
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V c = {E - 2 V - V F ) 



Output 



(a) Circuit to clamp output at approximately + 2 V maximum 



(b) Circuit to clamp output at approximately + 2 V minimum 


FIGURE 3-11. Biased clamping circuits. 

polarity, C, also is inverted from its condition in Figure 3-11 (a). The 
anode of the diode is always at the bias voltage level, which is 2 V in this 
case. When the diode is forward-biased, its cathode voltage is 2 V - V F , 
and the cathode cannot go below this level. Therefore, the lowest level of 
output voltage is 2 V - V F . 

The diode is forward-biased during the time that the input voltage is 
-E. Capacitor C, charges, during this time, to —E on the LHS, and 
to 2 V - V F on the RHS. 

V c = Capacitor voltage = ( — £’) — (2 V - V F ) 

= -(E + 2 V - V F ) 

This is positive on the RHS and negative on the LHS. When the input be- 
comes + E , the capacitor voltage and the input have the same polarities 
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and add together to give: 

Output = E + E + 2 V - V F 
= 2E + 2 V - V F 

The peak-to-peak value of the output waveform is again 2 E, and its lower 
level is clamped to 2 V - V F . 

The Zener diode clamping circuits in Figure 3-12 perform the same 
function as biased clamping circuits. In Figure 3-12(3), the Zener diode 


V C = (E-V Z - V F ) 

+1 K ch- 



(a) Circuit to clamp output at approximately + V z maximum 


v c = -V-v z -v F ) 


Input 



FIGURE 3-12. 


Zener diode clamping circuits. 
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behaves like a bias source with a voltage of V z . When it is thought of in 
this way, its operation is seen to be exactly the same as the biased clamper 
in Figure 3-1 1(a). The Zener diode circuit in Figure 3- 1 2(b) clamps the 
negative output at ~(V Z + V F ). The capacitor charge then causes the 
positive output to be 2E - V z - V F . As always, the peak-to-peak output 
voltage is 2E. 


EXAMPLE 3-8 

Design the biased positive voltage clamper circuit shown in Figure 
3-1 1(b). The input waveform is d=20 V with a frequency of 2 kHz, and the 
tilt on the output is not to exceed 2%. The signal source resistance is 
600 12. 

solution 

For the input waveform, T = 1 // = 1/2 kHz = 0.5 ms. 

PW = \T = 250ms 


From Equation (3-1), 


PW 250 ms 
~R~ S ~ 600 12 


0.42 m F [use a 0.5 m F standard value capacitor 
(see Appendix 2)] 


For 2% tilt, AV = 0.02 x 2 E. 
From Equation (3-2), 


2E x PW 

1 " 0.02 x 2 E x C 

2 E x 250 ms 
= 0.02 x 2 Ex 0.5 mF 

= 25 k!2 (use 22 k!2 standard value) 

The bias voltage should be +2 V as show in the figure, or any other de- 
sired level. The capacitor voltage should be rated at V ( 4 - V B , i.e., for the 
circuit designed the capacitor selected should survive at least 22 V. 
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EXAMPLE 3-9 

A square wave having an amplitude of ±15 V and a source resistance R s 
of 1 k 12 is to be clamped to a maximum positive level of approximately 
9 V. The square wave frequency ranges from 500 Hz to 5 kHz, and the 
output tilt is not to exceed 1%. Design a suitable Zener diode clamping 
circuit. 

solution 

Maximum tilt occurs when the PW is longest, i.e., when /is a minimum. 


Maximum T = 



1 

500 Hz 


2 ms 


PW = j T = 1 ms 


From Equation (3-1), 

PW 1 ms 

C = = — — = 1 a*F [standard value (see Appendix 2)] 

R s 1 k 12 

For 1% tilt, V = 0.01 x 2 E. 

From Equation (3-2), 

2E x PW 

' ~ 0T0l x IE x C 
2F x 1ms 

= = 100 k!2 [standard value (see Appendix 2)] 

0.01 x 2 Ex 1 mF 

Vo = + V F = 9 V 

v z = v o - V F 

= 9 V - 0.7 V = 8.3 V 


From the regulator diode data sheet (Appendix 1-3), the 1N756 has V z = 
8.2 V; therefore use 1N756 diodes. The capacitor voltage should be at 
least Vj + F z , i.e., minimum capacitor voltage is 23.2 V for this circuit. 


REVIEW QUESTIONS AND PROBLEMS 

3-1 Sketch typical characteristics for a low-current silicon diode. 
Briefly explain why the diode can be thought of as a one-way 
device. 
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3-2 Sketch ideal diode characteristics, and approximate characteristics 
for silicon and germanium diodes. Briefly discuss the parameters 
that should be considered when selecting a diode. 

3-3 Explain the origin of reverse recovery time for a semiconductor 
diode. By means of sketches, explain why a large reverse current 
flows when a very fast reverse bias is applied to a diode. Also show 
how the reverse current can be minimized. 

3-4 Sketch typical characteristics for a Zener diode. Indicate all im- 
portant quantities related to the characteristics, and define each 
quantity. 

3-5 Sketch the circuit of a positive series clipper, showing the input and 
output waveforms. Briefly explain its operation. 

3-6 Repeat Problem 3-5 for a negative series clipper. 

3-7 A negative series clipping circuit employs a diode with V F = 0.3 V 
and I s ~ 10 ^A. The input voltage is ±9 V, and the output current 
is to be a maximum of 10 mA. Calculate the value of the resistance 
/?,. Specify the diode in terms of forward current, power dissipa- 
tion, and peak reverse voltage. The negative output voltage is to be 
maximum at 0.2 V. 

3-8 Design a circuit to clip the positive peaks off a ±20 V square wave. 
A silicon diode is available with a maximum reverse leakage current 
of 10 pA. The positive output voltage is not to exceed 0.5 V. Cal- 
culate the amplitude of the negative output peak. 

3-9 From the diode data sheets in Appendix 1 select a suitable device 
for the circuit designed in Problem 3-8. 

3-10 Sketch the circuit of a diode noise clipper, showing typical input 
and output waveforms., Briefly explain how the circuit operates. 

3-11 Repeat Problem 3-10 for a Zener diode noise clipper. 

3-12 A Zener diode noise clipper has an input pulse signal with an am- 
plitude of ±7 V and with noise amplitude of ±3 V. Design a cir- 
cuit and select suitable Zener diodes and resistance value. Also 
calculate the amplitude of the output signal. 

3-13 A pnp transistor which can take a maximum of 5 V in reverse at 
its base-emitter junction is to be protected from excessive input 
signal amplitude. Identify the required circuit and sketch the input 
and output waveforms. Briefly explain the operation of the circuit. 

3-14 Repeat Problem 3-13 for an npn transistor. 

3-15 A negative shunt clipper circuit has a square wave input of ± 15 V. 
The output voltage is to be 13 V and -0.7 V, and the output cur- 
rent is to be 250 n A. Calculate the required resistance value, and 
the diode forward current. 
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3-16 Sketch the circuit of a biased diode shunt clipper that has an output 
limited to a maximum of approximately ±4 V. Explain the opera- 
tion of the circuit. 

3-17 The input to the circuit of Problem 3-16 is ±16 V, and the output 
current is to be 500 ^ A. Determine the required resistance value, 
allowing the diode forward currents to be 10 mA. 

3-18 Sketch a Zener diode shunt clipper circuit, and select suitable 
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FIGURE 3-13. Circuits for Problem 3-24. 
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diodes which will clip off input peaks greater than approximately 
6 V. Explain the operation of the circuit. 

3-19 A =t 14 V square wave is applied to the circuit of Problem 3-18. The 
output current is to be 2 mA maximum. Design a suitable current. 

3-20 Define the difference between clipping and clamping circuits. A 
±10V square wave is applied to the input terminals of a negative 
voltage clamping circuit, and to the input of a negative shunt clip- 
per. Sketch the output waveform that will result in each case. 

3-21 Sketch a negative voltage clamping circuit, showing input and out- 
put waveforms. Briefly explain the operation of the circuit. 

3-22 Repeat Problem 3-21 for a positive voltage clamper. 

3-23 A negative voltage clamper has a 5 kHz square wave input with an 
amplitude of ± 6 V. The signal source resistance is 1 kft, and the tilt 
on the output waveform is not to exceed 1%. Design a suitable 
circuit. 

3-24 Sketch the output waveforms you would expect from each of the 
circuits shown in Figure 3-13. Assume the input to each circuit is a 
± 12 V square wave. 

3-25 Sketch the output waveforms you would expect from each of the 
circuits shown in Figure 3-14. Assume the input to each circuit is a 
±9 V square wave. 

3-26 Design a biased clamper circuit to clamp a ± 1 2 V square wave to a 
minimum level of +3V. The input waveform has a frequency 
which ranges from 1kHz to 10 kHz, and the signal source resistance 
is 50012. The tilt on the output is not to exceed 1%. 


Input 


o- 


o- 



(a) 


(b) 



(c) 


(d) 


FIGURE 3-14. Circuits for Problem 3-25. 
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3-27 A square wave having an amplitude of ±18 V and a source resis- 
tance of 7000 is to be clamped to a maximum positive level of 
approximately 10 V. The square wave frequency is 800 Hz, and the 
output tilt is not to exceed 0.5%. Design a suitable Zener diode 
clamping circuit. 


Chapter 4 


Transistor Switching 


INTRODUCTION 

A bipolar transistor can be made to approximate an ideal switch. When 
the transistor is off, a small collector-base leakage ctrrent flows through 
the load. When it is on, there is a small collector-emitter sati ration 
voltage across the device. A transistor will not switch on or off instan- 
taneously. Turn-on and turn-off times depend upon the device and the cir- 
cuit conditions. Field effect transistors have several advantages over bipolar 
transistor switches. 

4-1 IDEAL TRANSISTOR SWITCH 

Figure 4-1 (a) shows a common emitter transistor circuit arranged to func- 
tion as a switch. A load resistance R L is connected from the transistor 
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+ 10 V 



(a) Common emitter 
circuit 



(b) Ideal transistor switch 
in off condition 


(c) Ideal transistor switch 
in on condition 


FIGURE 4-1. Ideal transistor switch. 


collector to the supply voltage V cc . The emitter terminal of the device 
is grounded. For the transistor to simulate a switch, the terminals of the 
switch are the transistor collector and emitter. The input voltage, or con- 
trolling voltage, for the transistor switch is the base-emitter voltage Vie. 
The collector-emitter voltage V CE is equal to the supply voltage minus 
the voltage drop across R L \ 


Vce - Vcc ~ Ic^l 


(4-1) 


When the transistor base-emitter voltage is zero, or reverse-biased. 
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as in Figure 4- 1(b), the base current l B is zero and the collector current 
I c is also zero. The transistor switch is now in its off condition. Since 
there is no collector current, there can be no voltage drop across the load 
resistor. When l c = 0, Equation (4-1) gives: 

Vce = Vcc - (0 x R l ) 


Thus, when the ideal transistor is off, its collector-emitter voltage equals 
the supply voltage. 

When the transistor base is made positive with respect to the emitter, 
[Figure 4-1 (c)], a base current I B flows. The collector current I c is equal 
to l B multiplied by the transistor common emitter dc current gain h FE , 
that is, I c = h FE x I B . If l B is made large enough, l c x R L can become 
equal to the supply voltage K cc . Then by Equation (4-1), 

Vce = Vcc “ V C c 


When the ideal transistor is on, its collector-emitter voltage equals 

zero. 

The transistor can also simulate a switch in that, ideally, it dissi- 
pates zero power both when on and off. The only time power is dissipated 
in the device is when it is switching between on and off. Transistor power 
dissipation is given by: 


Pd - Ic x V CE 


When off. 


Ic - 0, P D = 0 x V CE = 0 

When on, 

Vce = 0, P D = I c x 0 = 0 

As described above, the transistor can be operated as a switch which 
is off when V BE is zero or negative, and which is on when V BE is positive. 
Ideally, V CE = V cc when the transistor is off, and V CE = 0 V when the 
device is on. With a practical transistor these conditions are not achieved; 
however, they can be approximated. 
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4-2 PRACTICAL TRANSISTOR 
SWITCH 


To understand how a practical transistor switch differs from the ideal 
case, it is necessary to consider the common emitter characteristics. In 
Figure 4-2, the dc load line for the circuit of Figure 4- 1(a) is drawn on the 
transistor common emitter characteristics. Using Equation (4-1), the pro- 
cedure for drawing the load line is as follows: When I c = 0, V CE = 
fee - 0. For the circuit shown, V CE = 10 V. Plot point A on the char- 
acteristics at I c = 0, and V CE = 10 V. When V CE = 0, 


0 = 
I c = 


Fee - 

fee 

Rl 

10 V 
1 k Q 


IcRl 


10 mA 


[for the circuit of Figure 4-1 (a)] 

Plot point B on the characteristics at V CE = 0, I c = 10 mA. Draw the dc 
load line for R L = lk 12 by joining points A and B together. 

The dc load line defines all corresponding current and voltage con- 
ditions that can exist in the circuit. For any given level of 7 C , a particular 
Vce is dictated by Equation (4-1) and is illustrated by the load line. The 
common emitter characteristics are divided into three regions, as shown 
in Figure 4-2. The active region of the characteristics usually is em- 
ployed only in amplifier circuits. Here a linear change in base current 
produces a nearly linear collector-emitter voltage change. When the col- 
lector current is so large that Vce is less than approximately 0.7 V, the 
device is said to be operating in the saturation region of the characteris- 
tics. The cutoff region exists below the level of 1 B = 0. 

Again, with reference to the load line, it is seen that when I B = 0, 
I c is not zero. Instead, a small current I co flows. This is the collector- 
base reverse saturation current , or collector cutoff current, sometimes desig- 
nated I CBO . This current is the sum of the minority charge carriers which 
are crossing the reverse-biased collector-base junction, and leaking along 
the junction surface. I co is a very temperature sensitive quantity. Typical 
values are on the order of 1 pA for silicon transistors. For the most 
recent transistors, I co at 25°C can be in the nA range. Refer to the data 
sheet for 2N3903 and 2N3904 transistors in Appendix 1. The collector 
cutoff current is designated by I CEX . This is the collector-base leakage 
current measured under particular conditions specified by the manufac- 
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FIGURE 4-2. Characteristics and dc load line for transistor 
switch. 

turer, and I CEX can be regarded as essentially equal to l co . From the data 
sheet, the collector cutoff current for 2N3903 and 2N3904 transistors is 
50 nA. The presence of l co makes V CE slightly less than V cc when the 
transistor is cutoff [see Figure 4-3(a)]. 


~ Krc — lco (4-2) 

For V cc = 10 V, R l = 1 ki2, and I co = 1 fiA: 

V CE = 10 V - (1 mA x 1 kil) 

= 9.999 V 


When the transistor is in saturation, a small collector-emitter satura- 
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(a) Transistor in cutoff 


(b) Transistor in saturation 



(c) Transistor in active region of characteristics 

FIGURE 4-3. Transistors operated in cutoff, saturation, and 

active region of their characteristics. 

tion voltage, K Cf(sat) , exists. Typically about 0.2 V, K C£(sat) largely de- 
pends upon I c and the resistance of the semiconductor material that forms 
the transistor collector. The load line for R L = 2kil (broken line in Fig- 
ure 4-2), reveals that when saturation occurs with smaller levels of / c , 
then V C E(sat) * s reduced. The 2N3903 and 2N3904 data sheet in Appendix 1 
specifies K C£(sal) as 0.3 V at I c = 50 mA and 0.2 V at I c = 10 mA. 

The saturated transistor circuit in Figure 4-3(b) has typical voltages 
of V BE = 0.7 V and V CE = 0.2 V. Thus the base terminal is 0.5 V positive 
with respect to the collector terminal, and the normally reverse-biased 
collector-base junction is actually forward-biased. As will be seen later, 
this forward bias at the collector-base junction limits the switching speed 
of the transistor. 

The forward bias at the collector-base junction when a transistor is 
saturated reduces the dc current again (h FE ). This happens because, to 
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draw the maximum number of charge carriers from emitter to collector, 
the collector-base junction must be reverse-biased. For saturation to 
occur, the transistor current gain must have a minimum value, h FE{m}n) , de- 
pending upon the circuit conditions. Suppose a transistor has a base cur- 
rent of I B = 50 fi A and requires a collector current I c of 1 mA for satura- 
tion. Then, h FE{min) = I c /Ib - 1 mA/50/^A = 20. If h FF is less than 20 
in this case, / c will be less than 1 mA and saturation will not occur. If 
h FE is greater than 20, I c will tend to be greater than the required 1 mA, 
and saturation will occur. 

EXAMPLE 4-1 

For the circuit of Figure 4- 1 (a), I B = 0.2 mA. (a) Determine the value of 
h FE( min) for saturation to occur, (b) If R L in Figure 4- 1(a) is changed to 
22012 and a 2N3904 transistor is employed, will the transistor be satu- 
rated? 

solution (a) 

For saturation: 


solution (b) 

For saturation: 



10 V 
1 kS2 


10 mA 


^FE(min) 


Ic 

h 

10 mA 
0.2 mA 


50 



10 V 
22012 


45 mA 


h 


FF(min) 


k 

h 


45 m A 

0.2 mA 


= 275 
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From the 2N3904 data sheet in Appendix 1, at I c = 50 mA, 
h FE{ min ) = 60. Therefore, the transistor will not be saturated. 


Suppose a 2N3904 transistor is employed in the case of Exam- 
ple 4-l(a). From the 2N3904 data sheet in Appendix 1, at I c = 10mA, 
h FE{ mm ) = 100 and h FE{m}iX) = 300. This suggests that for I B = 0.2 mA, 
l c could be any value between 100 x 0.2 mA and 300 x 0.2 mA, that is, 
from 20 mA to 60mA. In fact, the maximum collector current that can 
flow is l c = Vcc/Rl = 10 mA, as calculated in the example. Thus, with 
an h FE value greater than 50, more base current flows than is needed to 
drive the transistor into saturation. The extra base current flows out 
through the emitter terminal. In this situation the transistor is said to be 
overdriven. 

Although transistors in switching circuits usually are switched from 
cutoff to saturation, and vice versa, they can also be switched between 
cutoff and the active region. For example, if the base current is limited 
to lOpA for the load line shown in Figure 4-2 (point D), then is 
2.5 V. In this case the transistor is referred to as a nonsaturated switch 
[Figure 4-3(c)]. 

The power dissipation is very small with a practical transistor in 
saturation or cutoff. For a nonsaturated transistor switch, the power 
dissipation is much larger than for either the cutoff or saturated cases. 


EXAMPLE 4-2 

If the circuit of Figure 4-l(a) employs a 2N3904 transistor, calculate the 
transistor power dissipation (a) at cut-off, (b) at saturation cutoff, and 
(c) when V CE = 2 V. 

solution (a) 

For cutoff: 

From the 2N3904 data sheet, I c ~ l CEX = 50 nA, 

P p ^ I c 'x Vcc 
= 50 nA x 10V 
= 0.5 //W 


solution (b) 

For saturation. 
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Ic 


v cc 

Rl 

10 V 
I k 12 


10 mA 


from the 2N3904 data sheet; at I c = 10 mA, F C£(sal) = 0.2 V 

P p = Ic x J'CfCsat) 

= 10 mA x 0.2 V 
= 2mW 


solution (c) 

At V CE = 2 V: 

From Equation (4-1), 


Kte ~ K:c ~ I cR l 

j _ K'c ~ K'e 
C Rl 

= 10 V - 2 V 
1 kil 

= 8 mA 

P D = I c x V CE 

= 8 mA x 2 V 

, = 16 mW 


4-3 TRANSISTOR SWITCHING TIMES 

One most important characteristic of a switching transistor is the speed 
with which it can be switched on and off. Consider Figure 4-4, where 
the time relationship between collector current and base current is shown. 
When the input current l H is applied, the transistor does not swatch on 
immediately. The time between application of base current and com- 
mencement of collector current is termed the delay time /j(see Figure 4-4). 
The delay time is defined as the time required for I c to reach 10% of its 
final level, after I B has commenced. Even when the transistor begins to 
switch on, a finite time elapses before I c reaches its maximum level. The 
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Base current 



FIGURE 4-4. Time relationships between base current and col- 
lector current in a transistor switching circuit. 

rise time t r is defined as the time it takes for l c to go from 10% to 90% of 
its maximum level. The turn-on time (/ on ) for the transistor is the sum of 
t d and t r (see Figure 4-4). 

Similarly, a transistor cannot be switched off instantaneously. The 
turn-off time / off is composed of a storage time t s and a fall time t f (Fig- 
ure 4-4). The storage time results from the fact that the collector-base 
junction is forward-biased when the transistor is in saturation. Charge 
carriers crossing a forward-biased junction are trapped (or stored) in the 
depletion region when the junction is reversed. These charge carriers 
must be withdrawn or made to recombine with charge carriers of an op- 
posite type before the collector current begins to fall. The storage time t s 
is defined as the time between I B switch off and I c falling to 90% of its 
maximum level. The fall time t f is the time required for I c to fall from 
90% to 10% of its maximum. A further quantity, the decay time is some- 
times included in the turn-off time. This is the time required for I c to go 
from its 10% level to I co . Usually, this is not an important quantity, 
since the transistor is regarded as being off when I c falls to the 10% level. 

Refer to the data sheet for the 2N3904 transistor in Appendix 1 . The 
turn-on and turn-off times given are: 

Turn-on time = t d + t r = 35 ns + 35 ns = 70 ns 
Turn-off time =/, + //= 200 ns + 50 ns = 250 ns 
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In the case of a nonsaturated transistor switch, the collector-base 
voltage is reverse-biased when the transistor is on. Therefore, no storage 
time is involved, and the turn-off time is not much larger than the fall 
time. This faster turn-off time is the major advantage of the nonsatu- 
rated switch. 

Figure 4-5 shows the time relationship of the input and output volt- 
ages as well as the I B and I c waveforms for the circuit in Figure 4-4. I B 
commences almost immediately when V B is applied. The approximate 
level of I B is input voltage V i divided by base resistor R B , that is, Vi/R B 
(assuming Vbe is initially zero). The output voltage at any instant depends 



InpUt y 
voltage ' 


Base i 
current B 


Collector 
current l c 


Collector 
voltage V CE 


FIGURE 4-5. Time relationships between voltages and currents 
in a transistor switching circuit. 
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upon the instantaneous level of I c . Thus, V CE is initially ( fee — IcqRl) 


and falls to 90% of V cc when I c becomes 10% of / C(max) after t d . When 
l c is 90% of / C(max) , V CE is 10% of V cc and finally falls to K C£(sat) when I c 
reaches its maximum level. When I B goes to zero, the storage time 
elapses before I c commences to fall. Then ^C£ again becomes approxi- 
mately 0.1 V cc when I c is 90% of its maximum level, and V CE becomes 
0*9 fee when I c is 10% of maximum. Finally, V CE returns to fee — ^CO^L 
when I c falls to the level of the reverse saturation current. 

EXAMPLE 4-3 

The circuit in Figure 4-4 has fee ~ 12 V and R L = 3.3 kft. The transistor 
employed is a 2N3904, and the input voltage has a PW of 5 iis. Calculate 
the level of V CE , (a) before the input pulse is applied, (b) at the end of 
the delay time, (c) at the end of the turn-on time. Also determine the time 
from commencement of the input pulse until the transistor switches off. 

solution 

In the 2N3904 data sheet (Appendix 1-4) the collector cutoff current is 
defined as I CEX = 50 nA. Before the transistor switches on. 


fc£ - fee — Icex^l 

= 12V - (50 nA x 3.3kft) 
= 11.9998 V 


CEX^L 


At the end of the delay time, 


V CE = V cc - ( 0.1 /, 


C(max) ^ l ) 



= 12V - (0.1 x 12V) 
= 10.8 V 


At the end of the turn-on time. 



= 12 V - (0.9 x 12 V) 
= 1.2V 
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For the 2N3904, / off = 250 ns. Time from commencement of input to 
transistor switching off is PW + / off . 

PW + / off = 5 ns + 250 ns 
= 5.25ms 


4-4 IMPROVING THE 
SWITCHING TIMES 

If the base-emitter of the transistor is reverse-biased before switch-on, the 
delay time is longer than in the case when V BE is initially zero. This is 
because the transistor input capacitance is charged to the reverse bias volt- 
age, and must be discharged before VrE can become positive. Therefore, 
to minimize the turn-on time, V BE should be zero or have a very small 
reverse bias before switch-on. Both the delay time and the rise time can be 
reduced if the transistor is overdriven, i.e., if I B is made larger than the 
minimum required for saturation. With a larger I B , the junction capaci- 
tances are charged faster, thus reducing the turn-on time. 

A major disadvantage of overdriving is that the storage time is ex- 
tended, by the larger current flow across the forward-biased collector-base 
junction, when the transistor is in saturation. Therefore, although an 
overdriven transistor will turn on faster it has a longer turn-off time than a 
transistor which has just enough base current for saturation. One way to 
shorten the turn-off time is to provide a large negative input voltage at 
switch-off. This produces a reverse base current How which causes the 
junction capacitance to discharge rapidly. Again, this has a disadvantage 
in that the turn-on time is increased because of the initial large reverse 
bias of the base-emitter junction. 

Ideally, for fast switching V BE should start at zero volts, and I B 
should initially be large at switch-on but should rapidly settle down to the 
minimum required for saturation. Also, switch-off should be accom- 
plished by a large reverse bias voltage which quickly returns to zero. 
Exactly these conditions are achieved when a capacitor is connected in 
parallel with R B , as shown in Figure 4-6. This capacitor, termed a speed- 
up capacitor, is initially uncharged before the input voltage pulse is ap- 
plied. When the input voltage rises, the capacitor commences to charge to 
^ - V BE ) [Figure 4-6(a)]. The capacitor charging current flows into the 
transistor base terminal. Thus I B is initially large, but quickly settles down 
to its minimum dc level as the capacitor becomes charged. At switch-off 
[Figure 4-6(b)], the capacitor discharge produces a reverse base current 
which rapidly returns to zero. 
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FIGURE 4-6. Effect of C, charge and discharge when the tran- 
sistor is switched on and off. 
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The speed-up capacitor tends to reduce t d and t s as well as t r and t f . 
However, if C, is so small that it becomes completely charged within the 
delay time, then it will not have a significant effect upon the rise time. 
Similarly, if C, is completely discharged during the storage time, it will 
not produce a marked improvement in the fall time. 

Consider the circuit of Figure 4-7. The settled base current level 
(i.e., after the capacitor is completely charged) can be calculated using 
V h R b , and R s . 


1 B 


K ~ K BE 
R s + Rb 


5 V - 0.7 V 
1 ktt + 8.2 kil 


^ 0.5 m A 


The initial level of capacitor charging current is approximately the 
signal voltage divided by the signal source resistance. 


h 



5 V - 0.7 V 
1 kil 


4.3 mA 


This is considerably greater than the dc level of 1 B . Therefore, an 



FIGURE 4-7. 

level. 


Circuit for calculation of initial charging current 
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improvement in switching speed may be expected. For the best possible 
improvement in switching speed, a speed-up capacitor should be selected 
that is large enough to maintain the charging current ( i.e ., base current) 
nearly constant at its maximum level during the transistor turn-on time. 
The charging current will drop by only 10% from its maximum level, if the 
capacitor is allowed to charge by 10% during the turn-on time. C x charges 
by 10% during a time of 0.1 C X R S (Chapter 2). Therefore, 

'on = 0.1 C x R t 


and 


C, = 


0.1 R t 


(4-3) 


For l on = 300 ns, and R s = 1 k!2: 


C, = 


300 ns 
0.1 x 1 k il 


= 3000 pF 


A larger capacitor than this is not likely to offer any greater im- 
provement in switching time. Also, if a ten times improvement in switch- 
ing time is achieved, then a capacitor of 300 pF might be almost as effec- 
tive as one with a value of 3000 pF. This is because t on in the above 
calculation would be reduced from 300 ns to 30 ns and, consequently, C, 
is calculated as 300 pF. To achieve such an improvement in switching 
time, however, the transistor must initially operate well below' its maxi- 
mum switching speed. Also, the input pulse must have a rise time very 
much less than the minimum switching time sought. 

The upper limit to the value of C, that may be used depends upon 
the maximum signal frequency. When the transistor is switched off, C, 
discharges through R B . For correct switching, C, should be at least 90% 
discharged during the time interval between transistor switch-off and 
switch-on. The time required for the capacitor to return to its discharged 
condition is variously referred to as the settling time, the resolving time, 
or the recovery time t re of the circuit. In this case, the transistor is off and 
the capacitor is discharged through R B . C, will discharge by 90% in a time 
t = 2.3 C x R b (Chapter 2). 

= 2.3 C,R r 


or 


2.3 R b 


maximum C, 


(4-4) 
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EXAMPLE 4-4 

The circuit of Figure 4-7 is to have a 50 kHz input square wave. Calculate 
the maximum value of the speed-up capacitor that may be used. 

solution 


T = I 


/ 50 kHz 


20 ms 


t re between switch-off and switch-on - 10 ms 


C 




10ms 


l(max) 2.3/?, 2.3 x 8.2 k!2 

= 530 pF 


EXAMPLE 4-5 


Determine the maximum input frequency for the circuit of Figure 4-7 
when C, = 200 pF. 


solution 


tre = 2.3 C,/?, 

= 2.3 x 200 pF x 8.2 kO 
= 3.772ms 
T = 2t re = 7.544 ms 



_ 1 _ 
7.544 ms 


133kHz 


4-5 JUNCTION FIELD EFFECT 
TRANSISTOR (JFET) SWITCH 

An ^-channel junction field effect transistor { JFET), connected in common 
source configuration, is shown in Figure 4-8(a). The output voltage from 
the circuit equals the supply voltage minus the voltage drop across R L . 

V Q = V DD - I d R l (4-5) 

Ideally, V Q = V DD when the device is off, and V 0 = 0 when the 
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(a) Common source circuit as switch 


D 



(b) Depletion region 
penetration for 
large negative Vgs 



(c) No depletion 
regions when 
V GS = 0 and I D 
is small 


D 



(d) Some depletion 

regions when V GS = 0 
and I D is large 


FIGURE 4-8. JFET switching circuit and effects of V GS and I D . 


transistor is on. The input signal biases the transistor off when V t is nega- 
tive. The effect is illustrated in Figure 4-8(b) where the depletion regions 
resulting from the negative bias on the gate are shown to penetrate so 
deeply into the n - type channel that they meet at the center. The channel 
is interrupted by the depletion regions, so that the drain current l D cannot 
flow. When the input signal is at ground level, the gate potential equals 
that at the source terminal. In this case there are no depletion regions 
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so the drain current easily flows through the channels [Figure 4-8(c)]. If 
the drain current is small, there will be only a small voltage drop along the 
channel, due to the small drain-source on resistance R D{ on) . 

Actually there could be depletion regions even when the gate is at 
source potential, if a substantial drain current flows. Figure 4-8(d) illus- 
trates the situation. The drain current I D causes sufficient voltage drop 
along the channel so that the source (and, consequently, the gate) becomes 
negative with respect to part of the channel. This produces depletion 
regions which again penetrate into the channel. The narrowed channel 



(a) O/z-biased JFET with small I D 



^ ds ~ ( ^ dd ~ ofQ Rl ) 


(b) O/7-biased JFET 


FIGURE 4-9. 


Drain-source voltage for on- and c^-biased JF'ETs. 
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has an increased drain-source resistance, and thus a relatively large drain- 
source on voltage. 

When the JFET is biased on, [Figure 4-9(a)], the output voltage is 

Vp( on) = Ip X ^D(on) (4“6) 

Typically, R D{Q n) is 3012 or less. With a drain current of lOO^A, the 
typical level of V D{on) can be quite small: 

V Dion) = 100 M A x 3012 
= 3 mV 

A comparison of V D(on) with the typical K C£ . (sat) of 0.2 V for a bipolar 
transistor shows that this is a major advantage of the JFET switch. 

The o/T-biased JFET has a small drain gate leakage-current /^ (off) 
flowing across the reverse-biased gate-channel junctions. As illustrated in 
Figure 4-9(b), I D{ofr) causes a very small voltage drop across R L . 

Another advantage of the JFET switch over a bipolar transistor 
switch, is that the JFET has a much higher ioput resistance than a bipolar 
transistor. Thus, the JFET can be easily switched by signals that have 
large source resistances. 

EXAMPLE 4-6 

The circuit in Figure 4-8(a) uses a 2N4857 JFET and has V DD = 15 V and 
R l = 3.9 k!2. Determine the level of the output voltage (a) when the de- 
vice is cut off, and (b) when the transistor is switched on. 

solution 

From the 2N4857 data sheet in Appendix 1-8, the maximum drain current 
at cutoff is 


//)( off) = 0.25 nA (i.e., at 25°C) 
Vo ~ V DD — Ip( 0 ^)Rl 

= 15 V - (0.25 nA x 3.9 k!2) 
= 15 V - 1 M V 
~ 15V 


In the data sheet, R P{on) is identified as 


Sec. 4-7 


CMOS SWITCH 


105 


and when the FET is on: 


Ouon) = 400 


In 


Rl. 

15 V 
3.9 kO 


3.85 mA 


Vo ~ I[) r ds{ on) 

= 3.85 mA x 400 
= 154 mV 


4-6 MOSFET SWITCH 

N-channel and /7-channel metal oxide semiconductor field effect transistor 
( MOSFET ) switching circuits are shown in Figures 4-10(a) and (b) to- 
gether with input and output waveforms. In the enhancement devices 
shown no channel exists while the gate is at the same potential as the 
source. Therefore, these transistors require no external bias voltage to 
switch them off; that is, they can be operated from a single polarity 
supply. For the ^-channel MOSFET a positive input pulse is necessary 
for switch-on. When the input signal becomes positive, I D flows, and the 
output voltage drops from Vnn to I D R D( on). In the case of the /7-channel 
device, the output is — V DD while no drain current is flowing. A negative 
signal on the gate terminal switches the transistor on, causing the output 
level to change to -I D R Dio n) . 

Since the gate terminal in a MOSFET is insulated from the channel, 
there is no drain gate leakage-current. This results in an input resistance 
even higher than that of a JFET circuit. There is a small drain source 
leakage current, which causes some voltage drop along R L when the 
MOSFET is off 


4-7 CMOS SWITCH 


When two devices are identical in every way except for their supply volt- 
age polarities, they are termed complementary devices. For example, il 
two bipolar transistors have identical parameters, but one is an npn device 
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"° + V DD 



(a) az - channel MOSFET switch 



(b) p -channel MOSFET switch 

FIGURE 4-10. /i-channel and p-channel MOSFET switches. 


and the other is pnp, they are complementary. Similarly, two MOSFETS, 
one which is / 7 -channel and the other ^-channel, can be complementary. 
When /^-channel and ^-channel MOSFETS are combined, the resulting 
circuitry is termed complementary MOS, or CMOS. 

Figure 4-1 1 shows the circuit of a CMOS switch. Both devices are 
enhancement MOSFETS, so that no channel exists until one of them is 
switched on. When the input voltage is zero at the common gate terminal, 
the / 7 -channel device is biased on and the ^-channel device is off. In this 
condition there is only a very small voltage drop from drain to source for 
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FIGURE 4-11. CMOS switch. 


the /^-channel device, and the output voltage is very close to V DD . At this 
time the //-channel transistor is biased off. When the input voltage be- 
comes positive, the /7-channel transistor is biased on and the //-channel de- 
vice is off. There is now only a very small voltage drop along the n-chan- 
nel device and, consequently, the output voltage is very close to ground. 

The major advantage of CMOS circuits is that their power dissipa- 
tion is extremely small compared to other circuits. The small power dis- 
sipation, together with the small volt drop across the on transistor and the 
high input impedance, makes the CMOS inverter approach the ideal 
switch. CMOS is discussed further in Chapter 10. 


REVIEW QUESTIONS AND PROBLEMS 

4-1 Sketch a circuit to show a bipolar transistor employed as a switch. 
Compare the transistor to an ideal switch. 

4-2 Define the following terms: saturated switch, nonsaturated switch, 
saturation voltage, collector-base leakage current, and h mmin) . Dis- 
cuss the importance of the latter three items in relation to a transis- 
tor switch. 

4-3 Sketch typical transistor common emitter characteristics. Identify 
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the various regions of the characteristics and show how K C£(sat) dif- 
fers with different transistor load resistances. 

4-4 (a) A common emitter transistor circuit has V cc = 20 V, R L = 

2.2 k 12 and I B = 0.3 mA. Determine h FE(min) if the transistor is to be 
saturated, (b) If a 2N3903 transistor is used in the above circuit, 
calculate the minimum I B level at which the transistor will become 
saturated. 

4-5 A common emitter circuit, using a 2N3904 transistor, has Kc - 
25 V. The load resistance can be 22kS2 or 2.2 kO. Calculate the 
minimum level of base current needed to achieve saturation in each 
case. 

4-6 For the circuit described in Problem 4-5, calculate the transistor 
power dissipation for each load resistance, at both saturation and 
cutoff. Also calculate the transistor power dissipation for each 
load resistance, when the collector-emitter voltage is 3 V. 

4-7 For a transistor switch, sketch the waveforms of the input voltage, 
base current, collector current, and collector voltage. Show the 
various components of transistor turn-on time and turn-off time, 
and discuss their origins. 

4-8 A switching circuit using a 2N4418 transistor (data sheet in Ap- 
pendix 1-7) has Vcc - 15V and R l = 2.7 kS2. The input pulse 
width is 2ps. Calculate the level of VCE (a) before the pulse is 
applied, (b) at the end of the delay time, (c) at the end of the stor- 
age time. Also determine the times from commencement of the 
input pulse until the transistor switches on and until the transistor 
switches off. 

4-9 Show how a speed-up capacitor may be employed to improve the 
turn-on and turn-off time of a transistor. Sketch the waveforms of 
base current with and without the speed-up capacitor. Explain how 
the capacitor improves switching speed. 

4-10 The circuit described in Problem 4-5 has a base resistance of 27 k!2. 
(a) If the circuit is to be switched at a maximum frequency of 
100 kHz, calculate the maximum size of the speed-up capacitor that 
should be used, (b) Determine the maximum switching signal fre- 
quency when a 100 pF speed-up capacitor is employed. 

4-11 Explain how a junction field effect transistor can be employed as a 
switch. Sketch a circuit which uses a JFET switch. Sketch the 
input and output waveforms and show how the JFET operates 
when on and when off. Compare the JFET switch to a bipolar 
transistor switch. 

A 2N4856 JFET (data sheet in Appendix 1-8) is connected as a 
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switch, with V DD = 20 V and R L = 4.7 kfi. Determine the level of 
the output (drain-source) voltage (a) when the device is cut off and 
(b) when switched on. 

4-13 Sketch /7-channel and ^-channel MOSFET switching circuits. Show 
input and output waveforms in each case, and discuss the advan- 
tages of MOSFET switches. 

4-14 Define CMOS. Sketch the basic CMOS inverter circuit and ex- 
plain how it operates. Describe the advantages and disadvantages 
of CMOS. 


Chapter 5 


The Inverter Circuit 


INTRODUCTION 

An inverter circuit, as the name suggests, performs the function of invert- 
ing an input signal. When the input goes positive, the output goes negative, 
and vice versa. Usually, a small input signal can drive the inverter output 
from one extreme voltage level to the other extreme, but large input signals 
may also be employed. Bipolar transistor inverters may have the input sig- 
nal direct-coupled or capacitor-coupled. JFET inverters can also be con- 
structed for direct- or capacitor-coupled signals. An IC operational am- 
plifier without any additional components can be employed as an inverter. 


5-1 DIRECT-COUPLED BIPOLAR 
TRANSISTOR INVERTER 

A transistor inverter circuit is essentially an overdriven common emitter 
circuit. The input may be a square wave, a pulse waveform, or even a sine 


no 
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wave, provided that the input amplitude is sufficient to drive the transistor 
into saturation and cutoff. Figure 5- 1(a) shows an inverter circuit with a 
pulse wave input. When the input is zero, there is no collector current and 
the output is approximately V cc - When the input becomes positive, the 
transistor switches into saturation, and the output becomes F C£(sat) . Thus, 
a positive going input produces a negative going output, and vice versa. 
The output waveform is then the inverse of the input, hence the name 
inverter . 

Figure 5-l(b) illustrates the effect of a sine wave input to an inverter. 
If the amplitude is large enough to switch the transistor rapidly to satura- 
tion and cutoff, then an inverted square wave output will result. 

When the input waveform to an inverter has a large amplitude, the 
base-emitter junction of the transistor may be destroyed by an excessive 



Input 




-(Vcc *coKl) 


(b) Inverter with sine wave input 


FIGURE 5-1. 
wave inputs. 


Transistor inverter circuits with pulse and sine 
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reverse voltage. Most transistors can take only about 5 V in reverse at the 
base-emitter junction. To protect the transistor, a diode connected as a 
negative clipper may be employed (see Figure 3-7). Alternatively, a diode 
may be connected in series with the transistor emitter terminal, as shown 
in Figure 5-2. Since the diode normally can survive reverse bias voltages 
on the order of at least 50 V, the combined base-emitter junction and 
diode will withstand a large reverse bias. 


Input 






I 






FIGURE 5-2. Use of diode to protect base-emitter junction 
against excessive reverse voltage. 


The design of a transistor inverter circuit should begin with selection 
of the load resistance R L , unless it is already specified. In general, R L 
should be much smaller than the load to be connected to the inverter out- 
put. However, R L should also be made as large as possible in order to 
keep I c to a minimum. If this principle is followed in all circuit design, the 
current demand from power supplies is kept to a minimum. Also, with 
current maintained as small as possible, power dissipation in all com- 
ponents is minimized. The lower limit for I c is dependent upon the par- 
ticular transistor used. The data sheets in Appendix 1-4 and Appendix 1-6 
show that for the 2N3904 transistor, h FE{mtn) is only 40 at I c = 0. 1 mA, and 
h FE{ min) = 100 at I c = 10 mA. For the 2N930 transistor, h FE(min) = 100 
at an I c of only 10 ^A, and h FE(min) is 150 at I c = 500 p. A. Obviously, the 
2N3904 should not be operated with a collector current much below 
100 pA, while the 2N930 can easily be operated with I c as low as 10 p. A. 
One disadvantage of operating a transistor at very low current levels is 
that the resultant large resistance values make the circuit more susceptible 
to picking up unwanted signals. 
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If V cc and I c are known, R L is calculated simply as (voltage across 
R l ) divided by (current through R L ). 

R,. = — — Kc£(sal> (5-1) 

‘ c 

Usually, the calculated value of R L is not exactly equal to an avail- 
able standard resistance value. In this case, the next higher standard 
value should be selected. With l c flowing, the voltage drop across R L must 
at least equal V cc - V CE( sal) for transistor saturation. A value of R L that is 
larger than calculated gives saturation with a lower I c level. If a value of 
R l that is smaller than calculated is used, I c must be increased to ensure 
saturation. 

Frequently an external load is to be connected to the circuit, as 
shown broken in Figure 5-2. In this case, R L should be made much 
smaller than the external load, so that the load does not significantly 
affect the circuit performance. Then l c is calculated from Equation (5-1). 

The minimum base current for saturation is calculated as: 

/-(mi n, = (5-2) 

"FE{ min) 

Here, the use of h FE{min) is necessary for transistor saturation. If the par- 
ticular transistor used has a larger than minimum value of h FE , for a given 
I B , I c will tend to be larger than necessary, and saturation will be achieved. 

The value of R B is determined by dividing the voltage across R B by 
the current through R B : 


Rr = 


1 (min) 


Again, an available standard resistance must be selected, but this 
time the next lower standard value should be selected. This is because the 
voltage across R B is a fixed quantity, (K - v BE ), and 

, _ K - V,e 


If R b is selected larger than the calculated value, then l B will be less 
than the value of / g(min) required to saturate the transistor. If R B is smaller 
than calculated, I B is greater than I B{min) and transistor saturation will 
occur. 
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Speed-up capacitor C, is calculated for maximum signal frequency, 
as explained in Sec. 4-4. 


EXAMPLE 5-1 


Design a transistor inverter circuit using a 2N3904 transistor. The value 
of V cc is 12 V and the input is a ±3 V square wave. Use I c = 1 mA. 


solution 



At saturation. 


Ic*L = Vcc - K 


CE( sat) 


* r 


^fl(min) - A 


1 mA 

= 11.8 kO (use 12 k!2 standard value) 

c 


l FE(nun ) 


From the 2N 3904 data sheet, /i ££(min) = 70 at I c = 1 mA. 


Ib 


1 mA 
70 


14.3 pA 



^ 160 kil 


3 V - 0.7 V 
14.3 mA 

(use 150 kil standard value) 
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EXAMPLE 5-2 

The square wave input to the circuit designed in Example 5-1 has a maxi- 
mum frequency of 45 kHz. Determine the maximum value of the speed-up 
capacitor C,. 

solution 

C, must discharge via R B by about 90% during the negative (or of/') por- 
tion of the square wave input. 

T 1 

Resolving time /„ = — = — 

1 

= ~ 1 1 JZS 

2 x 45 kHz 

Recall Equation (4-4): 

^ re 

(max) " 2.3 R 

Then, for 90% discharge: 

r = tn = 1 1 ms 

2.3 R B 2.3 x 150 kil 

~ 32 pF (use 30 pF standard value) 


EXAMPLE 5-3 

Design a transistor inverter circuit to handle a square wave input of =fcl0 V. 
Vcc is 15 V, and the external load has a resistance of 100 kil. Use a 
2N3903 transistor, and determine the amplitude of the output waveform. 

solution 

Since the input can be - 10 V, diode (Figure 5-4) is necessary to protect 
the transistor. 


Rl « 


Make 
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FIGURE 5-4. Inverter circuit for Example 5-3. 


r l 


— x 100 kS2 = 10 kn 
10 


At saturation, 


(standard value) 


Ic 


VcC ~ ^CE( sat) — V D\ 

15 V - 0.2 V - 0.7 V 

~~WkiT~ 


= 1.41 mA 


From the 2N3903 data sheet in Appendix 1-4, h FE(min) ~~ 35: 

/ = /<r 
1 B( min) i 

** F£(min) 

1.41 mA 
35 

~ 40 t±\ 


y+ 13.6 V 
2.7 V 

i+0.9 V 


and 
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R b = 


K - Vbe - Vm 

10 V - 0.7 V - 0.7 V 
40 mA 


215 k Q 


(use 180 kS2 standard value) 


/), should be a low-current diode with reverse breakdown voltage greater 
than 10 V. The 2N914 is a suitable device; see the 2N914 data sheet in 
Appendix 1 . 

When the transistor is saturated: 


Vo - V m + ^C£(s at) 

= 0.7 V + 0.2 V = 0.9 V 


At cutoff, R x and R L act as a potential divider, and 

y v cc x R\ 15 V x 100 kQ 
° ~ /?, + R l ~ 100 kQ + 10 kfi 

= 13.6 V 

Peak-to-peak output amplitude is equal to 13.6 V - 0.9 V, or 12.7 V. 


5-2 CAPACITOR-COUPLED INVERTER 
CIRCUITS 

Sometimes a transistor is required to be biased in the on condition, until 
an input signal is applied to sw’itch it off. In this case the signal may be 
capacitor-coupled. Such a circuit is shown in Figure 5-5. Bias resistor 
R r provides base current from the supply to keep the device in saturation. 
Capacitor C c couples the negative-going signal to the transistor base. 
When the signal pulls the base below the emitter voltage level, the tran- 
sistor switches off. The value of C c is calculated from a knowledge of the 
input voltage amplitude and pulse width. For reasons of economy, 
physical size, and shortest capacitor recharge time, it is best to choose the 
smallest possible coupling capacitor. 

Consider the voltage waveforms shown in Figure 5-5. The circuit 
input terminal is normally at ground level (i.e.. before the signal pulse is 
applied). The other terminal of C c (the transistor base terminal) is at V BE . 
Therefore, the capacitor charge is normally Vbe' positive on the RHS, as 
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illustrated on the diagram. When the input pulse with an amplitude of 
- V i is applied, the transistor base is pulled down to — (K, - V BE ). The 
capacitor immediately commences to charge via R B , so that the negative 
pulse appearing at the base has tilt, as shown. The tilt must not be so 
great that V B rises above ground; otherwise the transistor may switch on 
before the signal pulse has ended. The capacitor charging current is ap- 
proximately constant, and can be calculated by dividing the voltage across 
R b by R b : 


If V B is allowed to rise to -0.5 V, then AV is ( V i — V BE ) - 0.5 V. When 
time t is equal to the pulse width, the simple constant current capacitor 
equation. Equation (2-7), may be employed. From that equation, 



V: 



Inpi 




/ 


/ 


/ 


0.5 V 


Base voltage 


FIGURE 5-5. Normally-^// capacitor-coupled inverter circuit 
using an npn transistor. 
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EXAMPLE 5-4 

The capacitor-coupled inverter circuit of Figure 5-5 has a signal pulse 
input of -4 V amplitude and PW = 1 ms. V cc is to equal 10 V and l c is 
to be 10 mA. Using a 2N3904 transistor, design a suitable circuit. 


solution 


R = V CC - KrE(sal) = 10 V - 0,2 V 
L I c 10 mA 

= 980ft (use a 1 kft standard value) 
From the 2N3904 data sheet, h FE(min) = 100 at I c = 10 mA: 

= 

^FE( min) 

= 10mA 
100 

= 100mA 

= v cc - Vbe = 10V - 0.7V 

^(min) 100/xA 

= 93 kft (use 82 kft standard value) 
= K - V BE - 0.5V 
= 4 V - 0.7 V - 0.5 V 
= 2.8 V 

Capacitor charging current, 

/ ^ K cc ~ K 

Rs 

10 V - (-4 V) 

82 kft 

= 0.17 mA 


Rs 

AV 


t = PW = 1 ms 
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C c 


I X l 

V 


0.17 mA x 1 ms 
2.8 V 


0.06 mF 


(use a 0.06 /xF standard value) 


Although the calculation of C c in Example 5-4 assumes that the in- 
put pulse is negative with respect to ground, actually the pulse could be 
negative with respect to any other initial level. For example, the pulse 
could go from +8V to +4V, and have exactly the same effect on the 
inverter circuit as a completely negative pulse. The calculated value of 
C c would be the same as in the example. 



FIGURE 5-6. Normally-ow capacitor-coupled inverter circuit 
using a pnp transistor. 


The circuit in Figure 5-6 is similar to that in Figure 5-5. Since the 
transistor is now pnp , however, all voltage polarities are inverted. For 
the pnp transistor to switch off, a positive input pulse must be applied. 
Also, the voltage at the transistor base should be maintained positive 
until the end of the pulse width. Design procedure for this circuit is ex- 
actly the same as for the npn inverter. 

The converse of the circuit in Figure 5-5 is the normally ojf transistor 
circuit shown in Figure 5-7. Here, R B connects the base and emitter 
terminals, and thus keeps equal to zero until a positive-going input 
pulse is applied. 

When no input pulse is present, the only current that flows through 
R b is the reverse saturation current I co . The voltage drop across R B must 
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V cc = 10 V 



not he so large as to partially forward bias the base-emitter junction; 
otherwise there may be a small collector current flow. With a maximum 
I co of 10 (at highest ambient temperature), and V RB = 0.1 V, a typical 
value for R B is 0.1 V/10 M A = 10 ktt. 

In the circuit of Figure 5-7, C c starts at zero volts and charges via 
the signal source resistance while the input pulse is present. The charging 
current i c flows through R B and the transistor base terminal. This current 
begins at i c = and then falls off as C c becomes charged. 

At the end of the input pulse, i c must still be large enough to provide cur- 
rent through R b and sufficient base current to saturate the transistor. By 
use of the equation for capacitor charging current, Equation (2-4) (Chap- 
ter 2), 


i c = h CR 

an expression for the coupling capacitor can be determined: 

L = 

C 

t , / 

CR n i c 
C, = 


f R ln(/// c ) 
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In this expression, R is the signal source resistance R s , t is the input pulse 
width, / is the initial charging current, and i c is the charging current at 
the end of the signal pulse. As in the circuit of Example 5-4, the input 
pulse does not have to start at ground level. 

EXAMPLE 5-5 

The inverter circuit in Figure 5-7 has an input pulse of 4 V amplitude and 
pulse width of 1 ms. The signal source resistance R s is 1 k!2. Determine 
the value of C c . 

solution 



10V - 0.2V 
1 kQ 


= 9.8 mA 



At the end of the pulse, 




^fl(min) T IrB 

98 fi A 4- 70 p, A 
168 m A 


The initial charging current. 



4 V - 0. 7 V 
1 k*2 


= 3.3 mA 


PW = 1 ms 


t 1 ms 


R s \n(I/i c ) 1 kf2 ln(3.3 itiA/168mA) 
0.33 mF = standard value 
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FIGURE 5-8. Normally-^’ capacitor-coupled inverter circuit 
with negative bias voltage. 


Another normally-c^ capacitive coupled inverter circuit is shown in Fig- 
ure 5-8. In this case the transistor base is biased to a negative voltage 
— V BB , so that the base-emitter junction is reverse biased. The capacitor 
C c now has an initial charge of E 0 = V BB , with the polarity shown. When 
a positive input voltage is applied, the transistor base voltage is 

y B = V, - iRs - E o 

Thus, the transistor will not switch on unless V t is greater than (iR s + E 0 ). 

When the transistor switches on, its base voltage becomes + V BE 
above ground level. The current through R B now is 


1 RR ~ 



Also, the transistor minimum base current remains 


/ 


fl(min) 


^f£(min) 
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For the transistor to remain conducting during the input PW, the input 
(capacitor) current at the end of the PW must be at least 

*c = IrB + ^fi(min) 

The initial capacitor charging current for this circuit is 
1 initial voltage across R s 

R s 

K ~ E 0 - V BE 

K 

When i c and / are determined as explained above, the value of C c for the 
circuit in Figure 5-8 can be determined in the same way as for Exam- 
ple 5-5. 


5-3 JFET INVERTER CIRCUITS 

The direct-coupled inverter circuit illustrated in Figure 5-9(a) has an out- 
put which goes approximately from ground to ^dd- When the input signal 
is at ground level, the device is on. Drain current I D flows, causing a 
voltage drop of almost Vdd across R L . When V t is negative, the device is 
biased off and the output goes to y DD - To ensure that the FET is switched 
off , the negative input pulse must exceed the device pinchoff voltage V F . 
For a 2N5459 JFET (see data sheet in Appendix 1 9) the pinchoff voltage 
is designated gate-source cutoff voltage K G5(o{T) . For the 2N5459, K CS(off) 
is a maximum of 8 V. Therefore, the input pulse to the circuit of Fig- 
ure 5-9(a) must exceed -8 V, if a 2N5459 is employed. The only function 
served by R G in Figure 5-9(a) is to limit the gate current in the event that 
the input voltage goes positive. Typically R G is selected as 1 MS2. 

In Figure 5-9(b) a capacitor-coupled JFET inverter circuit is shown. 
Again, R G is typically 1 M12, this time to present a high input impedance 
to signals. The circuit shown has the gate biased to the same potential as 
the source terminal; therefore the FET normally is on. To switch the de- 
vice off, the input signal amplitude must exceed V P . Since the input re- 
sistance of the FET circuit is very high, the charging current to the cou- 
pling capacitor is extremely small, so C c can be quite a small capacitor. 

A normally off JFET inverter circuit is shown in Figure 5-9(c). Here, 
the gate is biased to a negative dc level to keep the FET off w hen no sig- 
nal is present. The device pinchotf voltage must be exceeded by V G . 
Again, C c can be a very small capacitor. 
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Input 


n_r 




FIGURE 5-9. 


JFET inverter circuits. 
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5-4 1C OPERATIONAL 
AMPLIFIER INVERTER 

The operational amplifier is a very high gain dc amplifier with two input 
terminals and one output. One input terminal is known as the inverting 
input , because a positive-going signal at this input produces a negative- 
going output voltage, and vice versa. The other input terminal is desig- 
nated as the noninverting input. A positive-going signal here produces a 
positive-going output. The input impedance of the operational amplifier 
is extremely high, and the output impedance is very low. 

The basic circuit symbol for an operational amplifier is shown in 
Figure 5-10(a). The noninverting and inverting input terminals are iden- 
tified as 4- and — , respectively. The output terminal is at the point of the 
triangle opposite the inputs. Power supply voltages V cc and - V EE nor- 
mally are symmetrical with respect to ground. A typical supply voltage is 
±15 V. Frequently, additional terminals are shown for connection of ex- 
ternal components. The input terminals usually are biased to ground 
level. 

Consider the data sheet in Appendix Ml for the ^A741 IC opera- 
tional amplifier. Note that the device parameters are specified for a sup- 
ply voltage of V s = ±15 V, although the supply may be a maximum of 
±22 V. The voltage gain is 50,000 minimum or 200,000 typical. Thus, for 
V o = 10 V, typical V { = 10V/200,000 = 50 pV . This means that a differ- 
ence of 50 pV between the inverting and noninverting input terminals will 
cause the output to go to ± 10 V. 

Other important quantities specified are: 

Output impedance = 7512 typical 
Input impedance = 1M il typical 
Input bias current = 0.2 p A typical 

The input bias current is the current flowing into each of the two 
input terminals when they are biased to the same voltage level. The 
input offset current is the difference between the two input bias currents. 
Note that this is typically 0.05 pA. The input offset voltage is the voltage 
difference that may have to be applied between the two input terminals 
in order to adjust the output level to exactly zero. For the m A 74 1 , this 
quantity is typically 1 mV. Note that an illustration on the mA 741 data 
sheet shows an arrangement by which the offset voltage can be adjusted 
to zero. 

In switching applications it is important to note that the typical 
output voltage swing for the pA14\ is ±14V when a ±15V supply is used. 


Sec. 5-4 


IC OPERATIONAL AMPLIFIER INVERTER 


127 


Also, note that this output voltage swing may be a minimum of ± 10 V if a 
2 kQ load is connected to the output terminals of the amplifier. An input 
voltage of approximately V i = ^/(voltage gain) is required to drive the 
output to its extreme levels. For a ±15 V supply, V { ~ 15 V/200,000 = 
75 mV. This is the voltage difference between the two input terminals. 
The actual input voltage can be very much higher than this minimum. 
The data sheet specifies a typical input voltage range of ± 13 V. 

The slew rate , particularly important in switching applications, is the 
rate of change of output voltage, or the speed with which the output 
changes. For the mA741, the slew rate is specified as 0.5 V/ms. Thus, a 
time of 1 /xs is required for the output to change by 0.5 V when a step 



(a) Circuit symbol for IC operational amplifier 

Output 


Input 


I 


-Ftf- 



«- + (K cc - 1 V) 

1 


-Ofo- 1 V) 


(b) 1C operational amplifier inverter 

Output 


Input 


I 


Fid 



i 


(c) Capacitive coupled IC inverter 


FIGURE 5-10. IC operational amplifier circuit symbol and IC in- 
verter circuits. 
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input is applied. The output moves from -10 V to +10V in a time of 
20V/0.5V = 40 ms. In an application for which the slew rate of the 
mA 741 is too slow, another amplifier must be selected. The /xA715, for 
example, has a slew rate of 100 V /^s. 

An IC operational amplifier employed as an inverter is shown in 
Figure 5- 10(b). The noninverting terminal is connected directly to 

ground, and the input pulse is directly connected to the inverting 
input terminal. When V ( is more than about 75 mV below ground level, 
the output voltage is approximately V C c - 1 V. At V t > 75 p iV above 
ground, the output becomes approximately -(Vee - 1 V). Thus an IC 
operational amplifier can be directly employed as an inverter without us- 
ing additional components. 

Sometimes an IC inverter must have a bias voltage provided at its 
inverting input terminal, in order to hold the output at its positive or 
negative extreme when no input signals are present. Such a circuit is 
shown in Figure 5-10(c). If V B is positive, the output is negative; if V B is 
negative, the output is positive. If the inverting terminal were grounded 
via a resistance, the dc output voltage cannot be predicted as either posi- 
tive or negative. Normally, V B should be &bout ±0.5 V, so that a small 
input signal can easily drive the inverter output from one maximum level 
to the other. 

To design the capacitor-coupled inverter, R 2 should be selected so 
that the bias current / 2 is very much larger than the input current of the 
device. Then, /?, is determined as R x ^ ( V cc - V B )/I 2 • C c should 

be selected for an acceptable level of tilt on the signal at the inverting in- 
put terminal (see Sec. 5-2). 


EXAMPLE 5-6 

UsingaMA741 IC operational amplifier, design an inverter to provide an 
output of V a ~ ±1 1 V. The output normally should be negative when no 
input is present. The input voltage is a ±6 V square wave with / = 1 kHz. 
Calculate the rise time of the output voltage. 

solution 

The circuit is shown in Figure 5-10(c). For V 0 ~ ±11 V, the supply 
should be ± 12 V. 


cc 


Vee 


± 1 2 V 
-12 V 
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To maintain a negative dc output, V B must be positive. Take V B on 
+0.5 V. 


^R7 ~ ^B ~ ^EE 

= 0.5 V - (-12 V) 

= 12.5V 

The maximum input bias current is 500 nA, as taken from /u A74 1 data 
sheet in Appendix 1-11. 


l 2 » 500 nA 


Make 

I 2 = 100 x 500 n A 
= 50 ,zA 

R _ _ 12.5V 

2 / 2 50 fiA 

= 250 k 12 (use 220 kQ standard value) 

I 2 becomes 


*2 

*1 


12.5 V 
220 k SI 

V — V 

y CC v B 


54.5 /xA 


h 

12 V - 0.5 V 


54.5 m A 


= 21 1 k!2 (use 180 kft standard value) 


Note that use of a smaller -than -calculated value of /?, ensures that V B is 
larger than is required for the output to be negative. 

During the pulse time, C c charges via R ] and R 2 , so that the input 
waveform has tilt as it appears at the inverting input terminal. For a 
±6 V input, a tilt of two or three volts will have no effect on the inverter 
operation. 

Let AK C = 2 V. 
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Input resistance = || R 2 

= 180 kft || 220 kft 
= 99 kfi 

For a ±6 V input, the initial input current / is calculated as 

/--«*- 
99 kfi 

^ 60.6 pA 

For / assumed constant; 


C = 


It 


AV 

I = 60.6 pA y AV = 2 V, 

V 

1 


' 2 / 


t = 


2 x 1 kHz 


= 500 ms 


Thus, 


r - 60-6 m A x 500 ms 
2 V 

= 1.515 x 10" 8 

~ 0.015 mF (standard capacitance value) 

The time taken for the output to go from + 1 1 V to - 1 1 V is expressed as: 

22 V 


t = 


Slew rate 

22 V 
0.5 V/ms 


= 44 ms 


REVIEW QUESTIONS AND PROBLEMS 

5-1 Sketch the complete circuit of a direct-coupled bipolar transistor 
inverter and explain the function of each component. Show the 
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output waveform when the following inputs are applied: (a) pulse 
wave, (b) square wave, (c) sine wave. 

5-2 Show two methods of protecting a transistor base-emitter voltage 
against excessive reverse input voltages. 

5-3 Design a direct-coupled transistor inverter circuit using a 2N3903 
transistor. For this circuit, V cc is 9 V, the input is a ±5 V square 
wave, and l c = 10 mA. 

5-4 If, in the circuit of Problem 5-3, a 200 pF speed-up capacitor is 
used, determine the maximum input signal frequency that may be 
employed. 

5-5 A direct-coupled transistor inverter using a 2N3904 transistor has 
an input square wave of ±9V, and V cc = 20 V. An external load 
of 220 k 12 is connected to the inverter output terminals. Design a 
suitable circuit and determine the amplitude of the output voltage. 

5-6 Sketch the circuit of a normally-^ capacitor-coupled inverter using 
(a) an npn transistor and (b) a pnp transistor. In each case show 
the input voltage and current waveforms, and explain the operation 
of the circuit. 

5-7 Repeat Problem 5-6 for a normally -off capacitor-coupled inverter. 

5-8 A normally-6w transistor inverter has a capacitor-coupled pulse in- 
put signal with PA = -3 V and PW = 600 ps; V cc = 12 V and I c 
is to be 1 mA. Design a suitable circuit. 

5-9 The conditions specified in Problem 5-6 can be applied to a nor- 
mally-^ inverter if the pulse amplitude is +3 V. Design the circuit, 
taking the signal source resistance as 1 k!2. 

5-10 A normally-q/finverter circuit usinga2N44l8 transistor has V cc = 
9 V, and V BB = -3V. 1 I c is to be approximately 10mA, and the 
input pulse has PA = 6 V, PW = 500 ps, and R s - 60012. Design 
the circuit. 

5-11 Sketch the circuits of direct-coupled and capacitor-coupled JFET 
inverter circuits. Explain the operation of the circuits and discuss 
their advantages and disadvantages compared to bipolar inverters. 

5-12 Using a pA14\ IC operational amplifier, design an inverter that will 
provide an output of V a ^ =b 14 V. The output normally should be 
positive when no input is applied. The input voltage is a ±4 V 
square wave with f = 500 Hz. Calculate the approximate rise time 
of the output voltage. 


Chapter 6 


The Schmitt Trigger 
Circuit 


INTRODUCTION 

Essentially, a schmitt trigger circuit is a fast-operating voltage level 
detector. When the input voltage arrives at the upper or lower triggering 
levels, the output voltage rapidly changes level. The circuit operates from 
almost any input waveform and always gives a pulse-type output. Transistor 
Schmitt trigger circuits can be designed to trigger at specified upper and 
lower levels of input voltage. An IC operational amplifier circuit can also 
be employed as a Schmitt trigger circuit. 


6-1 OPERATION OF 

SCHMITT TRIGGER CIRCUIT 

A transistor Schmitt trigger circuit is shown in Figure 6- 1(a). The figure 
shows that transistors (?, and Q 2 have a common emitter resistor R € . 
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FIGURE 6-1. Schmitt trigger circuit and dc conditions with Q 2 
on and with Q x on. 

The Q 2 base voltage, V B2y is derived via the potential divider (R x and 
R 2 ) from the collector of Q x . Transistors Q x and Q 2 have load resis- 
tances R ia and R L2 , respectively. The arrangement is such that when 
transistor Q x is on , transistor Q 2 is off, and for Q 2 to switch on, Q x 
must switch off. 

To understand the operation of this type of circuit, first consider 
the dc conditions when Q x is off. When it is off. Q x can be regarded as 
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an open circuit; therefore, it can be left out of the circuit as is shown in 
Figure 6- 1(b). The Q 2 base voltage now is derived from K:c via a poten- 
tial divider consisting of /?,, R 2 , and R L} . Thus, Q 2 is on and a collector 
current I C2 flows, producing a voltage drop across R L2 . Thus the output 
voltage is (V cc - /c 2 ^u). 

If, as in Figure 6- 1(c), Qx is now triggered on , the emitter voltage 
becomes V E = V t - V BE . Also, the collector current / C1 causes a voltage 
drop across R z , , in turn causing V B2 to fall below the level of V E . Thus, 
when Q t is on, Q 2 is biased off and I C2 becomes zero. At this point there 
is no longer any significant drop across R L2 , and the output voltage is 
approximately V cc . 

Now, reconsider the conditions illustrated in Figure 6- 1(b). It is seen 
that with Q 2 on, V E = V B2 - V BE . This is the voltage at the emitter ter- 
minal of both transistors since they are connected together. Transistor 
Qx will not switch on until its base voltage becomes greater than V E . In 
fact, Q x switches on approximately at V t = V E + V BE . Obviously, if 
V t is suddenly made greater than this level, Q x would switch on rapidly. 
The lowest level of V i that causes Q x to switch on is known as the upper 
trigger point (UTP) for the circuit. 

At the moment that Qx begins to switch on it starts to pull the 
common emitter voltage up, the flow of I c causes, V CI to fall and, con- 
sequently, V B2 falls. Thus, as Q A switches on, it causes a rapid reduction 
in VbE2- This effect, known as regeneration , produces a very rapid switch- 
over from Q 2 on to Qx on. 

Now consider the process of switching from Q x on to Q 2 on. Refer 
to Figure 6- 1(c). With Q A on, I E = ? - V BE )/R E . Thus, a reduction 

in V t also reduces / £ , and since l c — h, Ic\ also becomes smaller. 
The voltage drop across R lA is approximately (Ic\Rl\), and the collector 
voltage of Qx is approximately ( V cc - /ci^/.i)- Therefore, when 
is reduced, / C1 becomes smaller causing V cx to rise. In turn, the base 
voltage V B2 of Q 2 rises. If V t is reduced by a very small amount, the 
resultant small increase in V B2 may leave Q 2 base still below the level of 
its emitter voltage. In fact, Q 2 switches on again only when V B2 and V i 
become equal. The input voltage at which this occurs is known as the 
lower trigger point (LTP). 

In the changeover from Q x on to Q 2 on, regeneration again occurs. 
When Q 2 starts to switch on, it causes Q { to begin to switch off because 
of the rise in the common emitter voltage. Q x switching off helps Q 2 
to turn on. Again, the changeover occurs very rapidly. 

Speed-up capacitor C, [Figure 6- 1(a)] is provided solely to improve 
the circuit switching speed. The effect is exactly as explained in Sec. 4-4. 

Figure 6-2 shows the effects of various input waveforms on the 
Schmitt trigger circuit. In each case the output is (V cc - IciRli) unt il 


Sec. 6-2 


DESIGNING FOR A GIVEN UPPER TRIGGER POINT 


135 




FIGURE 6-2. Schmitt trigger circuit outputs for various input 
waveforms. 

the upper trigger point is reached. Then with Q 2 switched off , the output 
becomes approximately V cc . When the signal input falls to the LTP, 
the output again drops to (V cc - as Qi switches on. The Schmitt 

trigger circuit is seen to be essentially a voltage level detector, capable 
of producing a fast-moving output when either a slow- or fast-moving 
input arrives at the trigger points. 


6-2 DESIGNING FOR A GIVEN 
UPPER TRIGGER POINT 

Design of any circuit starts from a specification. For the Schmitt trigger 
circuit the most important parameters are the upper and lower trigger 
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points, UTP and LTP. A circuit may be designed simply to meet a given 
UTP, and to completely ignore the LTP. In this case, the LTP normally 
is located between the UTP and ground. Such a circuit could function 
quite satisfactorily with the waveforms illustrated in Figures 6-2(a) and 
6-2(c). With the pulse or sawtooth input waveforms shown, the LTP can 
be anywhere between the UTP and ground. The design procedure is best 
understood by working through an example. 


EXAMPLE 6-1 


A Schmitt trigger circuit is to have UTP = 5 V. The silicon transistors 
to be used have h FE{min) = 100, and f c is to be 2 mA. The available supply 
is 12 V. Design a suitable circuit. 


solution 


UTP 

V E 

h 

Re 


V B 2 = 5 V 

V S 2 - V BE = 5 V - 0.7 V = 4.3 V (See Figure 6-3.) 

I c = 2 mA * 

Ve_ = 4,3 V 
I E 2 mA 

2.15 kil (use 2.2 k 12 standard value) 


V CC = +\2V 



FIGURE 6-3. 


Circuit for Example 6- 1 . 
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Taking Q 2 as saturated, K C£(sal) = 0.2 V typically. The voltage drop across 
Rl2 — I C^L2 and 

IcRli = Vcc - V E ~ K C£(sat) 

= 12 V - 4.3 V - 0.2 V 

= 7.5 V 

R 1 2 = ^ ^ = 3.75 k!2 (use 3.9 k!2 standard value) 

l c 2 mA 

Potential divider (R ] and R 2 ), together with R tu must provide a stable 
bias voltage V B2 for Q 2 (Figure 6-3). However, /?, and R 2 must be large 
enough to avoid overloading R Ll . For example, if R] and R 2 were made 
smaller than R LU then Q x collector current would have very little effect 
on V B2 when Q A is switched on. If R x and R 2 are made very large, 
l B2 will cause a large voltage drop across R ] when Q 2 is switched on. 
Therefore, /?, and R 2 must be kept as small as possible, but they must be 
several times larger than R u . A good rule-of-thumb here is to take the 
value of l 2 ~ / £2 . Then calculate R 2 as V B2 /I 2 . 

/, ~ — I E = — x 2 mA = 0.2 mA 
2 — 10 10 

R 2 = = — — — = 25 kO (use 22 k!2 standard value) 

/ 2 0.2 mA 


5 V 

l 2 now becomes = 0.227 mA. 

22 kU 

- /c2 = = 20 M A 

h E E{ min) 100 

20 mA + 0.227 mA = 0.247 mA 

Vcc - Vb 2 

l 2 + I B2 

12 V - 5 V 
0.247 mA 

28.3 kO 

When the LTP is not specified, R L] may be made equal to R L2 . This 
cannot be done when the circuit is to be designed for a given LTP level. 


I B2 = 
l B 2 T / 2 = 

Rl\ + R\ = 
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R u = r L2 = 3.9 k Q 

*1 = {Ru + *.) - R l i 
= 28.3 k!2 - 3.9 k!2 

= 24.4 k!2 (use 22 k!2 standard value) 


6-3 ANALYZING FOR UTP AND LTP 

When standard resistor values are substituted for the actual calculated 
values, the performance of the circuit will be affected. The UTP will not 
be exactly as specified. To find the new UTP level and to determine the 
LTP, the circuit must be analyzed. 


EXAMPLE 6-2 

Using the selected standard component values, analyze the circuit de- 
signed in Example 6-1. Determine the actual UTP. 

solution 

With Q x off and Q 2 on, the potential divider (R L and R 2 ) is replaced 
by its open circuit voltage V and its internal resistance ( R B ) (see Figure 6-4). 



FIGURE 6-4. 


Circuit analysis to determine UTP. 
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y _ Vcc x R 2 12 V X 22 k» = 5 51 V 

R u + R t + r 2 3.9 k 12 + 22 kB + 22 kB 

Rb = + Ru) = 22 kO || (22 kS2 + 3.9 kS2) = ll.9kfl 

V = I b R b + V BE + I e R e 
Ie = /*(1 + h FE ) 

V = I„R b + V BE 4 - I b R e {\ + hf E ) 


l _ K ~ 

+ 2?^(1 + 

= 5.51 V - 0.7 V 

11.9 kS2 + 2.2 kB(l + 100) 

= 20.5 nA 

UTP = V B = V - l B R B 

= 5.51 - (20.5 /i A x 11.9 kB) 
= 5.27 V 


EXAMPLE 6-3 

Using the selected standard value components, determine the LTP for the 
circuit designed in Example 6-1. 

solution 

At the LTP, Q x is on and Q 2 is off. Such a circuit is shown in Figure 6-5. 
The LTP occurs when V B2 becomes equal to V t (that is, at V Hi = V B2 ). 

y*, = y„2 = y, 


I _ V B2 _ Vt 

' Ri R2 

y c , = h(R> + Ri) - -^(R, + Ri) 

K 2 
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FIGURE 6-5. Circuit analysis to determine LTP. 


Vcc = V c + Rl\(Ici 4- A) 


= I\(R\ 4- R 2 ) 4- * LI (/ C . 4- A) 


= — ^ -h * 2 ) 4- R Ll 

Ki 


Vrf ' 


BE \ 

Re Ri 


v i /D 1 z> \ 1 ^£.1 K , RuVt 

-■r, ( r ' + r '- ) + — i: — + ~kT 


= V, 


12 V = V, 


R 1 + /? 2 /^, 

r 2 r e r 


2 J 


RuVj_ 

R, 


22 kft + 22 k ft 3.9 kft 3.9 kS2 


22 kft 
= F; [3.95] - 1.24 


2.2 kft 22 kft 


3.9 k ft x 0.7 V 
2.2 kft 


3.35 V = LTP 


Expressions for upper and lower trigger points can be usefully ap- 
plied when analyzing a Schmitt trigger circuit. From Example 6-2, 

UTP = V — l B Rg 

_ v (v- v_m)R b 


R b + R f { 1 

+ h FE ) 




— 1 

n 

>3 

nI 

1 

Rb 

^ccR 2 


R,a + r, + r l 

4- R\ 4- R 2 


Hr 4- /^^(l 4* h FE ) 
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If the base current is neglected. Equation (6-1) becomes approximately: 

UTP 




Rf\ + ^1 + ^2 


From Example 6-3, 


V rr = LTP 


R\ + /?2 R L\ R L\ 

I 2 + _J± + L\ 


Ry 


Rf 


Ry 


LTP 


V cc 


R\ + ^2 
*2 


Rl\ Y_ BE 

Rf 


r lx 

+ r f + 


Ru 
R 2 


Rl \ BE 

Re 


( 6 - 2 ) 


6-4 DESIGNING FOR GIVEN UTP 
AND LTP 

The design procedure, when both UTP and LTP are specified, is exactly 
the same as in Example 6-1, up to the point at which R u is chosen. 

EXAMPLE 6-4 

A Schmitt trigger circuit is to be designed with a UTP of 5 V, and an 
LTP of 3 V. The silicon transistors employed have h FE(min) = 100, and 
I c is to be 2 mA. The available supply is 12 V. Design a suitable circuit. 

solution 

With the exception of the LTP, the circuit is exactly as specified for Ex- 
ample 6-1. Therefore, from Example 6-1, 

R L2 = 3.9 kil R e = 2.2 kil R 2 = 22 kil 
(R t + R u ) = 28.3 k!2 


Figure 6-5 shows the circuit conditions when (2, is on and V t is ex- 
actly at the LTP. For V t = LTP = 3 V, V B2 = LTP = 3 V. 


82 


R 2 


3 V 
22 kil 


= 0.136 mA 


/ = V B 1 ~ V BE 

E r f 


3 V - 0.7 V 


2.2 kil 


1.045 mA 
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k'cc — RuUn + A) + A(^i R2) 

12 V = R u (1.045 mA + 0.136 mA) + 0.136 mA (/?, + 22 kQ) 
R t + R Li = 28.3 k 12 

R , = 28.3 kfi - 

12 V = /? tl ( 1.045 mA + 0.136 mA) 

+ 0.136 mA(28.3 kfi - R u + 22 kfl) 

= /?£_, (1.181 mA) + 3.85 V - /? tl (0.136 mA) + 2.99 V 

12 V - 3.85 V - 2.99 V = R L] { 1.181 mA - 0.136 mA) 

R lA = 4.94 kft (use 4.7 kS2 standard value) 

R, = 28.3 k Q - R Ll 

= 28.3 k Q - 4.7 k!2 

= 23.6 kfl (use 22 kfi standard value) 


EXAMPLE 6-5 


Using the selected standard resistance values, determine the actual LTP 
of the circuit designed in Example 6-4. 

solution 

Refer to Equation (6-2). The actual LTP is determined as: 


12V + 


LTP 


4.7 k U x 0.7 V 

2.2 kS2 


22 kil + 22 kfl 4.7 ki* 4.7 k fi 


22 kU 


2.2 kS2 22 kt2 


= 3.1 V 


6-5 SELECTION OF THE SPEED-UP 
CAPACITOR 

The elTects of a speed-up capacitor on transistor switching times were 
discussed in Sec. 4-4. As already explained, the capacitor should be as 
large as possible, but must be small enough to allow its voltage to return 
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to normal dc levels between switching. For a Schmitt circuit to trigger 
at the UTP and LTP levels as designed, the capacitor C, voltage must 
settle to the dc level across in the time interval between triggering. 

EXAMPLE 6-6 

The Schmitt trigger circuit designed in Example 6-4 is to be triggered at a 
maximum frequency of 1 MHz. Determine the largest speed-up capacitor 
that may be used. 

solution 

Resistance in parallel with the capacitor terminals when (2, is off: 


Actually, the input resistance of Q 2 is in parallel with R 2 but is very large 
compared to R 2 . 


R = R, ||(/? tl + R 2 ) 

= 22 kfl || (4.7 ktt 4- 22 k Q) 


~ 12 k a 


Resolving time = t re = 


Triggering frequency 


1 MHz 


For C to charge through 90% of its total voltage change: 




max 


2.3 R 


re 


[Equation (4-4)] 



(use 35 pF standard value) 


6-6 OUTPUT/INPUT CHARACTERISTICS 

Consider the Schmitt trigger circuit design as finalized in Example 6-4. 
When Q 2 is on , the output voltage is: 
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= 12 V - (2 mA x 3.9 kS2) 

= 4.2 V 

When Q 2 is off, the output voltage is: 

Vo = V cc — 

~ K cc -12 V 

The UTP and LTP are approximately, as designed, 5 V and 3 V, re- 
spectively. With the triggering levels and the output voltage levels known, 
a graph showing output voltage versus input voltage may be plotted. 

When the input voltage is zero, Q x is off and Q 2 is on . Therefore, 
V o = 4.2 V. This may be plotted as point A on the output/input char- 
acteristics in Figure 6-6(a). As V t is increased above zero volts, Q { remains 
off and Q 2 remains on until V t becomes equal to the UTP, which for this 
particular circuit, is at 5 V. Hence V 0 remains at 4.2 V from V t ? = 0 to 
V i = 5 V. Point B is plotted at V 0 = 4.2 V and V t = 5 V. 

When the UTP is reached, Q x switches on and Q 2 switches off. Thus, 
V 0 changes from 4.2 V to 12 V. Point C is plotted at v 0 - v cc and Vj = 
UTP. Now, any further increase in V i has no effect on V 0 . The horizontal 
line from point C to point D Figure 6-6(a) shows that V 0 remains equal to 
Vcc as V, increases above the UTP. 

Now, consider the effect of reducing V { from a level greater than the 
UTP. The output voltage V 0 remains equal to 12 V until V, becomes equal 
to the LTP, at point E on Figure 6-6(b). At the LTP, Q x switches off and 
Q 2 switches on, returning V 0 to 4.2 V. Point F is plotted at V Q = 4.2 V and 
V i = LTP = 3 V. As V t is reduced below the LTP, V Q remains at 4.2 V, 
shown by the line from point F to point A in Figure 6-6(b). The two 
graphs, taken together as in Figure 6-6(c), give the complete output/input 
characteristics for the circuit. 

The difference between the UTP and LTP levels is termed the 
hysteresis of the circuit. For many circuit applications, the hysteresis is 
not very important. In some circumstances, however, circuits with the 
least possible hysteresis are desirable. Zero hysteresis occurs when the 
upper and lower trigger points are equal. 

The hysteresis can be adjusted by altering the ratio of R x and R 2 or 
by adjusting the value of R u . The loop gain or stage gain of Q, (when Q x 
is on) determines the amount of hysteresis in the circuit. With a large loop 
gain, a very small value of input voltage is sufficient to produce a large 
(phase inverted) output to Q 2 base which keeps Q 2 biased off. Con- 
sequently, the lower trigger point is found at a very low level of input 
voltage. Thus, it is seen that the largest loop gain produces greatest 
hysteresis. 
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(a) Characteristic when 
V i increases from zero 


(b) Characteristic when 

V i decreases from > UTP) 


Hysteresis 

-1 H- 

E C 


10 - 


t 



2 - 

0 - 

0 


F 


B 


2 I 4 I 6 8 

LTP UTP 

V, ► 


(c) Complete output/input 
characteristics 


10 


12 V 


FIGURE 6-6. Output/input characteristics for Schmitt trigger 
circuit. 
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6-7 THE 1C OPERATIONAL AMPLIFIER 
AS A SCHMITT TRIGGER 
CIRCUIT 

6-7.1 Basic Circuit 

The IC operational amplifier, previously treated in Sec. 5-4, may be em- 
ployed as a Schmitt trigger circuit. The design of such a circuit is quite 
simple. Consider Figure 6-7 that shows a circuit in which the input 
triggering voltage is applied to the inverting input terminal. The non- 
inverting terminal is connected to the junction of resistors R x and R 2 \ these 
resistors operate as a potential divider from output to ground. The volt- 
age at the noninverting terminal is the voltage across R 2 , as shown in the 
figure. 



FIGURE 6-7. IC operational amplifier as Schmitt trigger circuit. 


When Vj is less than V 2 , the noninverting terminal input voltage 
V 2 is greater than the inverting input. Therefore, the output is positive. In 
this case, V Q ^ + V cc - 1 V if the load resistance is 10 kft or greater (see 
the ^A741 data sheet in Appendix 1-11). The voltage at the noninverting 
input terminal is calculated by using the output voltage V Q and /?, and R 2 : 




*2 

Rl + ^2 


(Ycc 


- 1 V) 


When the input voltage is raised to the level of V 2 , the output begins 
to go negative. This causes V 2 to fall, thus the noninverting input terminal 
rapidly becomes negative with respect to the inverting input terminal. 
When this occurs the output changes over very rapidly from approxi- 
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mately ( ^cc - 1 V) to approximately ( ^ EE + 1 V). It is seen that the 
upper trigger point is equal to V 2 when the output is positive. 

When the output is ( V ee + 1 V), V 2 becomes: 




*2 

/?, + r 2 


( V EE 


+ 1 V) 


Since ^ee is negative, V 2 is a negative voltage, and the output V Q remains 
negative until the voltage at the inverting input terminal is reduced to the 
new (negative) level of V 2 . 

From the above discussion, it can be seen that: 


UTP ~ 


R , 


/?, + R 2 


( Vcc ~ 1 V) 


(6-3) 


and 


LTP 


R > 


R\ + R 2 


(Vee + 1 V) 


(6-4) 


EXAMPLE 6-7 

A /xA741 operational amplifier is to be employed as a Schmitt trigger 
circuit with a UTP of 3 V. Design a suitable circuit and calculate the 
actual UTP and LTP when resistors with standard values are selected. 
Take R L as 10 k 0 and use a supply voltage of ±15 V. 


solution 

From the /xA741 data sheet in Appendix 1-1 1: 

^fl(max) = 500 n A 

For a stable level of V 2 , 1 2 » / 5(max) . 

l 2 = 100 x 500 nA 
= 50 mA 

R = UTP = 3 V 

2 / 2 50 m A 

= 60 k 12 (use 56 kil standard value) 


148 


Chap. 6 THE SCHMITT TRIGGER CIRCUIT 


Thus, / 2 becomes 3 V/56 kS2, which is equal to 53.57 pA. 

K - V 2 

( Vcc - 1 V) - V 2 
15 V - 1 V - 3 V 
11 V 

= 11 V 
/ 2 53.57 mA 

205 kQ (use 220 k S2 standard value) 

Actual UTP =* 

R, + R 2 

- 14 V x 56 k S2 _ , 0 y 

_ 220 kil + 56 kS2 

LTP ~ -2.8 V 


V*! = 


Rx = 


6-7.2 Adjusting the Trigger Points 

A Schmitt trigger circuit in which the lower trigger point is clamped to 
-0.7 V is shown in Figure 6-8(a). When the output voltage becomes 
negative, diode is forward-biased. Thus, D l holds the noninverting 
input to 0.7 V below ground. When V, (at the inverting input) drops be- 
low -0.7 V, the output again becomes positive. The LTP is now -0.7 V. 
The UTP is unaffected by the diode, since D ] is reverse-biased when the 
output is positive. 

The circuit can be designed for any desired UTP. Then, by use of 
a diode and potential divider, as shown in Figure 6-8(b), the LTP can be 
fixed at any desired level. A potentiometer placed between R 3 and R 4 
[Figure 6-8(c)] provides an adjustable LTP. Finally, a diode connected in 
series with /?,, as illustrated in Figure 6-8(d), gives an LTP which is very 
close to ground. When the output is negative, /), is reverse-biased and 
only the diode reverse leakage current I R flows. The LTP now becomes 
V 2 = - I r R 2 . Since I R normally is very small, and R 2 can be selected as 
low as a few kilohms, the LTP can be only millivolts from ground. By 
reversal of /), the UTP can be brought close to ground. Then, the LTP is 
specified by V 0 , /?,, and R 2 . 
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Circuit for 
LTP ^ - 0.7 V 



(b) Circuit for LTP 
at any desired level 

2 



(d) Circuit for LTP 
close to ground 


FIGURE 6-8. Operational amplifier Schmitt trigger circuits with 
various methods of setting LTP. 
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EXAMPLE 6-8 

The Schmitt trigger circuit designed in Example 6-7 is to have the LTP 
adjustable over the range from 2 V to -2V. Design a suitable circuit. 

solution 

Consider the circuit of Figure 6-8(c). For a stable bias voltage V A , set 
/ 4 » / 2 . Let 

/ 4 = 100 x I 2 = 100 x 50 
= 5 mA 

For 

= -2V 

Vax = + y F 

= -2 V + 0.7 V 
--,3V 

V 4 = -1.3 V - (-15 V) = 13.7 V 

r = V 4 = 13.7 V 
4 / 4 5 mA 

= 2.72 k 12 (use 2.7 k S2 standard value) 

L_ 

/, 5mA 

= 800 J2 (use I kJi standard potentiometer value) 

y,2 = Vk2 + ^ 

= 2 V + 0.7 V = 2.7 V 

R K, 15 V- 2.7 V 

3 “ / 4 5 mA 

= 2.46 k 12 (use 2.7 standard value) 


EXAMPLE 6-9 

A Schmitt trigger circuit is to be designed to have UTP = 8 V, and 
LTP = 0 V. The available supply is ±15 V. Using a pA14\ operational 
amplifier, design a suitable circuit. 
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solution 

Use the circuit as in Figure 6-8(d). From the ^A741 data sheet (Ap- 
pendix 1-11), 


Ib( max) — 500 nA 


1 2 » A 


B( max) 


Make 


I 2 - 100 x / 8(ma ,) 

= 100 x 500 nA = 50 mA 

R = UTP = 8 V 

2 I 2 50 m A 

= 160 kO [use 150 kil standard value 
(see Appendix 2-1)] 

/ 2 now becomes 8 V/ 1 50 kQ = 53. 3 gA and 

V Rl - Vo - V DI - UTP 

= ( Vcc ~ 1 V) - V Dl - UTP 
= 15 V - 1 V - 0.7 V - 8V 
= 5.3 V 

R = Kn m 5,3 V 

' / 2 53.3 m A 

= 99.4 kil (use 100 ki2 standard value) 


REVIEW QUESTIONS AND PROBLEMS 

6-1 Sketch a transistor Schmitt trigger circuit, and briefly explain its 
operation. 

6-2 Define the terms, upper trigger point, lower trigger point, hysteresis , 
and regeneration. 

6-3 Design a transistor Schmitt trigger circuit with UTP = 6 V. Use a 
2N3904 transistor with I c = 1 mA. The available supply is 15 V. 
Use standard value resistors. 

6-4 Analyze the circuit designed in Problem 6-3 to determine the output 
voltage levels, and the actual UTP and LTP. 
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6-5 The circuit of Problem 6-3 is to have an LTP of 4 V. Make the 
necessary design modifications and select suitable standard value 
resistors. 

6-6 Analyze the Schmitt trigger circuit, resulting from Problem 6-5, to 
determine the actual UTP and LTP. 

6-7 Plot the output/input characteristics for the Schmitt trigger circuit 
designed in Problem 6-5. 

6-8 (a) Briefly explain how a speed-up capacitor improves the switching 

time of a Schmitt trigger circuit, (b) The Schmitt trigger circuit de- 
signed in Problem 6-5 is to be triggered at a maximum frequency of 
800 kHz. Determine the maximum size of the speed-up capacitor 
that may be employed. 

6-9 (a) Sketch the circuit of an operational amplifier employed as a 

Schmitt trigger circuit. Briefly explain how it functions, (b) Show 
how this circuit could be modified so that (1) LTP z* -0.7 V, 
(2) LTP ~ 0 V, (3) UTP ~ 0 V. 

6-10 Design a Schmitt trigger circuit using a pA74\ operational ampli- 
fier. The supply voltage is to be * 12 V, and the trigger points 
rb2V. Select standard value resistors and calculate the actual trig- 
gering levels. 

6-11 Plot the output/input characteristics for the Schmitt trigger circuit 
designed in Problem 6-10. 

6-12 The Schmitt trigger circuit designed in Problem 6-10 is to have an 
LTP adjustable over the range ± 1 V. Suitably modify the circuit. 

6-13 The circuit of Problem 6-10 has the following input waveforms: 

(a) A triangular waveform with an amplitude of ±5 V; 

(b) A square wave with an amplitude of 3 V; 

(c) A square wave with an amplitude of ±4 V; 

(d) A sine wave with an amplitude of ± 10 V; 

(e) A sawtooth wave with an amplitude of ± 6 V. 

Sketch the above waveforms and the resultant output wave from 
the Schmitt trigger circuit for each case. 

6-14 Using a \i A741 IC operational amplifier, design a Schmitt trigger 
circuit to have LTP = -2V and UTP = 0 V. The available supply 
is ±9 V. 


Chapter 7 


Ramp Generators 


INTRODUCTION 

A simple ramp generator circuit can be constructed using a capacitor 
charged via a resistance, in conjunction with a discharge transistor. To 
improve the ramp output linearity, a transistor constant current circuit 
can be employed. When the discharge transistor is replaced by a i nijunc- 
tion transistor, the circuit becomes a relaxation oscillator. The boot- 
strap ramp generator, which produces a closely linear ramp, can be con- 
structed using a transistor or an IC operational amplifier. An IC 
operational amplifier can also be employed in a Miller integrator. 


7-1 CR RAMP GENERATOR 

The simplest ramp generator circuit is a capacitor charged via a series re- 
sistance. A transistor must be connected in parallel with the capacitor 
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to provide a discharge path, as shown in the circuit of Figure 7-l(a). 
Capacitor C, is charged from v cc via /?,. Q a is biased on via R B so the 
capacitor is normally in a discharged state. When a negative-going input 
pulse is coupled by C 2 to Q ] base, the transistor switches off. Then, C, 
begins to charge; this provides an approximate ramp output until the in- 
put pulse ends [see Figure 7- 1(b)]. At this point, Q i switches on again, 
and rapidly discharges the capacitor. 

The output from a simple CR circuit is exponential rather than 
linear. For voltages very much less than the supply voltage, however, the 
output is approximately linear. When the transistor is on, the capacitor 
is discharged to F r£(sat) . Hence, F C£(sat) is the starting level of the output 
ramp. Output amplitude adjustment can be provided by making the 
charging resistance (/?,) adjustable. 

Capacitor C 2 , which couples the input pulse to the transistor base, 
should be selected as small as possible, both for minimum cost and small- 
est possible physical size. The minimum suitable size can be determined 
by allowing the base voltage of Q t to rise during the input pulse time, 
as shown in Figure 7- 1(b). The base voltage starts approximately at 
0.7 V when Q ] is on. Then, Vb2 is pullet} negative by the input pulse, 
but starts to rise again as C 2 is charged through R B . To ensure that Q x 
is still off at the end of the pulse time, y n should not rise above —0.5 V. 
This approach to coupling capacitor selection is outlined in Sec. 5-2. 


EXAMPLE 7-1 


Design a simple CR ramp generator to give an output that peaks at 5 V. 
The supply voltage is 15 V, and the load to be connected at the output is 
100 kft. The ramp is to be triggered by a negative-going pulse with an 
amplitude of 3 V, PW = 1 ms, and time interval between pulse 

0.1 ms. Take the transistor h FE(min) as 50. 

solution 

This circuit is shown in Figure 7- 1(a). The maximum output current is: 


A 


/.(max) 


Rl 
5 V 

100 kli 


50 n A 


Select the maximum capacitor charging current /, » //. (ma>) . At peak out 
put voltage, let 


Sec. 7-1 


CR RAMP GENERATOR 


155 




Voltage waveforms 
for CR ramp generator 


FIGURE 7-1. CR ramp generator circuit and voltage waveforms. 
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/, - 100 X / L(max) 

= 100 x 50 ^ A = 5 m A 


= 5_V _ 2 k!2 (use 2.2 kf] standard value) 

5 m A 

The voltages for capacitor C, are: 

Initial voltage = E 0 ~ 0 
Final voltage = e c = 5 V 
Charging voltage = E = F cc = 15 V 




E — (E — £> c * 


C, 



1 ms 


2.2 k 12 In 


15V - 0 
15V - 5 V 


[Equation (2-2)] 


~ 1 pF 

The discharge time for C, is 0.1 ms, which is one-tenth of the charging 
time. For (/, to discharge C, in the specified time. 


A: 

^ B 




10 x (C, charging current) 
10/, = 50 mA 


!c 

^FE( min) 

50 m A 
50 


1 m A 


Vcc ~ Vbe 

! B 

15 V - 0.7 V 
1 m A 


14.3 k 12 


(use 12 k!2 standard value) 
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For Q x to remain biased off at the end of the input pulse, let V B = 
-0.5 V. 

AV = y; - V BE - V B [See Figure 7- 1(b)] 

= 3 V - 0.7 V - 0.5 V = 1.8 V 

The charging current for C 2 is equal to the current through R B when Q x is 

off: 

j ~ V cc ~ v , 15V - ( — 3 V) 

R b 1 2 k 12 

= 1.5mA 

From Equation (2-7): 

C - ^ - 1 -5 mA x 1 ms 

2 ~ AV ~ 1.8V 

= 0.83 ^F (use 1 pF standard value) 


7-2 CONSTANT CURRENT 
RAMP GENERATOR 

The major disadvantage of the simple CR ramp generator is its nonlinear- 
ity. To produce a linear ramp, the capacitor charging current must be 
held constant. This can be achieved by replacing the charging resistance 
with a constant current circuit. 

A basic transistor constant current circuit is shown in Figure 7-2(a). 
The potential divider (R x and R 2 ) provides a fixed voltage V x at the base 
of pnp transistor Q 2 . The voltage across the emitter resistor R 3 remains 
constant at (^i — ^be)' Thus, the emitter current is also constant: I E = 
( V x - F^)//? 3 . Since I c — / £ , the collector current remains constant. 
Figure 7-2(b) shows an arrangement that allows the level of constant cur- 
rent to be adjusted. R 4 provides adjustment of V B . Since K 3 = (V B - 
v BE ), also is adjustable by R 4 , and l E can be set to any desired level 
over a range dependent upon R 4 . 

Figure 7-3(a) shows a ramp generator that employs the constant cur- 
rent circuit. Note that because l c of Q 2 is a constant charging current for 
C,; the capacitor voltage V Q grows linearly. The simpler capacitor-charg- 
ing equation, Equation (2-7), may now be used for C, calculations. The 


158 


Chap. 7 RAMP GENERATORS 


^3 = CK f -V BE ) 




(a) Constant current circuit (b) Adjustable constant current circuit 

FIGURE 7-2. Transistor fixed and adjustable constant current 
circuits. 

circuit of Figure 7-3 (a) now functions like, the simple CR ramp generator, 
with R x replaced by the constant current circuit. 

The output voltage from the constant current ramp generator re- 
mains linear only if a sufficient voltage is maintained across Q 2 for it to 
operate in the active region of its characteristics. If Q 2 reaches satura- 
tion, the output stops at a constant level. Therefore, V CE2 should not fall 
below about 3 V. Because of this and the constant voltage V 3 across re- 
sistor /? 3 , the maximum ramp output voltage obtainable from the circuit 
of Figure 7-3 is approximately Vo = V cc - V } - 3 V. 

In the circuit of Figure 7-3(b) the input pulse is directly connected 
to the base of transistor Q } . When the input is at ground level, Q l is off 
and capacitor C, charges via Q 2 . When a positive input is applied, Q x is 
switched on and C x is rapidly discharged. Q x remains on during the posi- 
tive input pulse; thus C, is held in a discharged condition, and the ramp 
generator output voltage remains at the K C£(sat) of Q x . 

EXAMPLE 7-2 

Using a constant current circuit, modify the ramp generator designed in 
Example 7-1 to produce a linear ramp output. 

solution 

Refer to the circuit of Figure 7-3 (a). 

« 5 V 

V 3 + V C£2 = Vcc 5 V = 10 V 
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FIGURE 7-3. 


Constant current ramp generators. 
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Let 


then 


Vce2 - 3 V, minimum 


K 3 = 10V-3V = 7V 

To maintain a constant level of I E (and / c ), the voltage across /? 3 should 
be several times larger than the base emitter voltage Vbe- This ensures 
that changes in ^be do not significantly affect I E . 


C, 


It 

A V 


/ = C ' AK 
t 


For C, = 1 /zF, V = 5 V, and / = 1 ms, 

I = x IX = 5 mA 
1 ms 

~ = 1.4 k!2 (use, 1. 2 kfl standard value) 

5 mA 

For / £ = 5 mA, 

K 3 = 5 mA x 1 .2 k 12 
= 6 V 

V x = F 3 + K fl£2 = 6V + 0.7V 
= 6.7 V 


V x must be a stable bias voltage unaffected by I B1 . Make /, ^ I E = 5 mA. 



6.7 V 
5 mA 


= 1 .34 k!2 (use 1.2 k 12 standard value) 


Then /, becomes 


/, 

^2 


6.7 V = 
1 .2 k 12 

Vcc ~ V x 


5.58 mA 
= 15V - 


6.7 V 


8.3 V 
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^ 8.3 V 

/, 5.58 mA 

= 1.49 kfi (use 1 .5 kil standard value) 


EXAMPLE 7-3 


Redesign the circuit of Example 7-2 to make the ramp amplitude adjust- 
able from 3 V to 5 V. 


solution 

The circuit modification is shown in Figure 7-2(b). The charging current, 
with A V = 3 V, is: 


/ = C ' AK 
t 


1 mF x 3 V 
1 ms 


= 3 mA 


For A F = 5 V, 


1 mF x 5 V 
1 ms 


5 mA 


For / = 3 mA, l E ~ 3 mA and 

V y = J E x R 3 = 3 mA x 1.2 k 12 
= 3.6V 

V B = K = v 3 + Vbe = 3.6V + 0.7V 
= 4.3V 

(At this point, the moving contact on the potentiometer is at the upper 
end.) 

For /?, = 1.2 k 12, 


= 4.3 V 
1.2 kS2 


3.6 mA 


For 7=5 mA, 
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and 


K 3 = 5 rnA x 1 .2 kf2 
= 6 V 


V B = 6.7 V 


(At this point the potentiometer moving contact is at the lower end.) 

v„ = v, + K 

V 4 = 6.7 V - 3.6 V = 3.1 V 

and 

R.. 1 - i - -iiv_ 

/, 3.6 mA 

= 0.86 k SI (use a 1 kft standard potentiometer value) 
Then V A becomes 

V 4 = /,/? 4 = 3.6mA x 1 kfl = 3.6V 

and 

v 2 = V cc - V\ - V A 

= 15 V - 4.3 V - 3.6 V 
= 7.1 V 



= 7,1 V 
3.6 m A 

= 1.97 kfi (use 2.2 k$2 standard value) 


7-3 UJT RELAXATION OSCILLATORS 

7-3.1 The Unijunction Transistor 

The basic construction of a unijunction transistor (UJT) and its equiva- 
lent circuit are shown in Figure 7-4. The device can be thought of as a 


Sec. 7-3 


UJT RELAXATION OSCILLATORS 


163 


bar of lightly doped n - type silicon, with a small piece of heavily doped 
p - type joined to one side [see Figure 7-4(a)]. The /Mype is named the 
emitter, while the two end terminals of the bar are designated bases 1 
and 2 (/?, and B 2 ), as shown. The silicon bar is represented as two re- 
sistors, r Bl and r B2 ; the pn junction, formed by the emitter and the bar, is 
represented by a diode in the equivalent circuit of Figure 7-4(b). 

The ratio, r B] /(r B] + r B2 ) is termed the intrinsic standoff ratio of the 
UJT, and is designated by ?/. Thus the voltage across r BX is given by: 


The pn junction becomes forward-biased at a peak voltage, V P = 
Veb\ ~ K 4- V F . When this peak is reached, the flow of charge carriers 
through r BX causes its resistance to fall. Thus, a capacitor connected 
across E and B x is rapidly discharged. The flow of current into the emitter 
terminal continues until V E falls to the emitter saturation voltage F £S1(sat) , 
at which time the device switches off. 

Two more important parameters for the UJT are peak point current 
I P and the valley point current l v . The peak point current is the minimum 



or 


Vx = v ssn 


(7-1) 


p 



yv (a) Basic construction 




+ 


B i 

(b) Equivalent circuit 


FIGURE 7-4. Basic construction and equivalent circuit of uni- 
junction transistor. 
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emitter current that must flow for the UJT to switch on or fire. This cur- 
rent occurs when V E is at the firing voltage , that is, at peak point V P . The 
valley point current is the emitter current that flows when V E is at the 
emitter saturation voltage, F ffll(sat) . 


7-3.2 UJT Relaxation Oscillator 

A unijunction transistor can be used in conjunction with a capacitor and a 
charging circuit, to construct an oscillator with an approximate ramp-type 
output. Figure 7-5(a) shows the simplest form of such a circuit, which is 
called a UJT relaxation oscillator. The UJT remains off until its emitter 
voltage Vfb\ approaches the firing voltage V P for the particular device. At 
this point, the UJT switches on and a large emitter current I E flows. This 
causes capacitor C, to discharge rapidly. When the capacitor voltage falls 
to the emitter saturation level, the UJT switches off, allowing C x to be- 
gin to charge again. - 

The frequency of a relaxation oscillator can be made variable by 
switched selection of capacitors and/or by adjustment of the charging re- 
sistance [see Figure 7-5(b)]. The resistance R 2 , in series with UJT terminal 
/?,, allows synchronizing input pulses to be applied. When an input pulse 
pulls B ] negative, Veb\ is increased to the level at which the UJT fires. 
Once the UJT fires it will not switch off again until the capacitor is dis- 
charged. 

In the design of a UJT relaxation oscillator, the charging resistance 
R ] must be selected between certain upper and lower limits. Resistance 
R ] must not be so large that the emitter current is less than the peak point 
current when V EB] is at the firing voltage; otherwise, the device may not 
switch on. If /?, is very small, then when K EB\ is at the emitter saturation 
level, a current greater than the valley point current might flow into the 
emitter terminal. In this case, the UJT may not switch off. Thus, for cor- 
rect UJT operation, /?, must be selected between two limits that allow the 
emitter current to be between a minimum of I P and a maximum of I v . 

The UJT oscillator circuits shown in Figures 7-5(a) and (b) will pro- 
duce exponential output waveforms because the capacitors are charged 
by resistances. Constant current circuits could be used here to generate 
linear ramp output waveforms. 


EXAMPLE 7-4 

The circuit of Figure 7-5(a) is to use a 2N3980 UJT. The supply voltage 
V BB is 20 V, and output frequency is to be 5 kHz. Design a suitable cir- 
cuit, and calculate the output amplitude. 
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(a) UJT relaxation oscillator 



(b) Variable frequency UJT relaxation 
oscillator 

FIGURE 7-5. Basic UJT relaxation oscillator and variable fre- 
quency circuit. 


solution 

Capacitor C, charges from U £fll(sat) to the firing voltage, V P = V F + 
rjV BB . The data sheet for the 2N3980 (Appendix 1-12) gives the following 
specifications: 

U £B1(sat) = 3 V maximum, I p = 2 juA, I y = 1 m A 


and 
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V = 0.68 to 0.82 
~ 0.75 average 
V P = 0.7 + (0.75 x 20 V) 
= 15.7V 


Therefore, for the capacitor. 


E = Supply voltage = V BB = 20 V 
E 0 = Initial charge = F ffil(sat) = 3V 
e c = Final charge = V P = 15.7 V 


Now, to select /?,: 


R 


I (max) 


^ \ (min) 


Vbb ~ Xl p 

Ip 

20 V - 15.7 V 
2/zA 

V - V 

v BB y EB l(sat) 

Iy 

20V - 3 V _ 
1 m A 


~ 2.15 M12 


17 kO 


So /?, must be in the range 17 kQ to 2.15 M12. If R { is very large, C, must 
be a very small capacitor. Let /?, have a value of 22 k!2; then from Equa- 
tion (2-2) 


then 


C, 


t 



= — - — = 200/xs 

Output frequency 5 kHz 


C, 


200 ms 


22 kil In 


' 20 V - 3 V \ 
^20 V -15.7 V/ 


= 6600 pF [use 6800 pF standard capacitor 
(see Appendx 2-2)] 
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Output amplitude = V P - V EBX(ssiX) 
= 15.7 V - 3 V 
= 12.7 V 


7-4 PROGRAMMABLE UJT 

RELAXATION OSCILLATORS 

The programmable unijunction transistor (PUT) is a silicon-controlled 
rectifier-type device used in a particular way to simulate a UJT. The in- 
terbase resistances r BX and r B1 and the intrinsic standoff ratio 77 may be 
programmed to any desired values by selecting two resistors. This means 
that the device firing voltage V P can also be programmed. 

Consider Figures 7-6(a) and (b). The gate of the pnpn device is con- 
nected to the junction of resistors R x and R 2 . The gate voltage is V G = 
V BB R 1/(^1 + ^2)- The device will trigger on when the input voltage 
V AK makes the ano.de (layer P x ) positive with respect to the gate (layer N x ). 
When this occurs, the anode-to-cathode voltage rapidly drops to a low 
level, and the device conducts heavily from anode to cathode. This situa- 
tion continues until the current becomes too low to sustain conduction. 
With the anode used as an emitter terminal, and with R x and R 2 sub- 
stituted for r BX and r B2 , the circuit action simulates a UJT. Figure 7-6(c) 
shows the PUT employed in a relaxation oscillator. 

A data sheet for 2N6027 and 2N6028 PUT devices is included in 
Appendix 1-13. For the 2N6027, the value of I P is given as 1.25 pA 
typical, and l v as 18 pA. typical. The offset voltage, which is equivalent to 
*£*i ( sat). is typically 0.7 V. . 

EXAMPLE 7-5 — 

Design a relaxation oscillator using a 2N6027 PUT. The supply voltage 
is 15 V, and the output is to be 5 V peak at 1 kHz. 

solution 

The circuit is as shown in Figure 7-6(c). 

V P = V G + (p x n x junction voltage drop) 

5 V = V G + 0.7 V 
V G = 5 V - 0.7 V = 4.3 V 
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'a, P 

mode < 

/ Gate < 

+ - 

1*2 

^ A 

AK 1 

K ' 

O < 

x t , 

H 

Cathode 

>*i 

i V B 

V G K flS X /? |+ « 2 


(a) Programmable UJT circuit 



(b) Four layer construction 
of programmable UJT 



FIGURE 7-6. Programmable UJT, four layer construction, and 
PUT relaxation oscillator circuit. 
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To provide a stable gate bias voltage the current through the po- 
tential divider (/?, and R 2 ) must be much larger than the gate current at 
switch-ort; 


E » lc. 


Since I G — 5 fiA (typical), let 


/, = 100 x I G 


= 100 x 5 fi A = 0.5 mA 
Vg 4.3 V 


Rx = ^ = 


/, 0.5 mA 

= 8.6 kO (use 8.2 kQ standard) 


Now, /, becomes 


/, 


4.3 V 
8.2 kO 


= 524 ft A 


V R2 ~ V BB ~ 

= 15 V - 4.3 V = 10.7 V 


= V R2 = 10-7 V 
/, 524 M A 

= 20.4 k ft (use 18 kft standard) 


Now V G becomes 


15 V x 8.2 kft 
18 kft 4- 8.2 kft 

= 4.69 V (i.e., instead of 4.3 V) 


and 


V P = V G + 0.7 V 

= 4.69 V + 0.7 V = 5.39 V 

The valley voltage V v is 0.7 V. For the capacitor C,; 


E = Supply voltage = V BB = 15 V 
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E 0 = Initial charge = V v = 0.7 V 
e c = Final charge = V p = 5.39 V 


For selection of R , 


R 


3(max) 


^ BB ~ Vp 


R 


3(min) 


Ip 

15 V - 5.39 V 
1 .25 nA 

Vbb ~ V v 
lv 

15 V - 0.7 V 


= 7.7 MQ 


= 790 ktt 


18 fi A 

Thus, /? 3 must be in the range from 790 kO to 7.7 M12. Let # 3 = 1 Mil. 

1 1 


t = 


Output frequency l kFIz 


= 1 ms 


and from Equation (2-2) C, = 


t 


R, In 


E - E t 
E - e c 

1 ms 


1 Mil In 


15 V - 0.7 V 


^15 V - 5.39 V ) 

= 0.0025 fi¥ (standard value) 


7-5 TRANSISTOR BOOTSTRAP RAMP 
GENERATOR 

The circuit of a transistor bootstrap ramp generator is shown in Figure 
7-7(a). The ramp is generated across capacitor C, which is charged via 
resistance /?,. The discharge transistor (7, holds the capacitor voltage F, 
down to F C£(sat) until a negative input pulse is applied. Transistor Q 2 is an 
emitter follower that provides a low-output impedance. The emitter re- 
sistor R e is connected to a negative supply level, rather than to ground. 
This is to ensure that Q 2 remains conducting when its base voltage K, is 
close to ground. Capacitor C 3 , known as the bootstrapping capacitor , has 
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(b) Waveforms at 
various points 
in the circuit 


FIGURE 7-7. Transistor bootstrap ramp generator and circuit 
waveforms. 
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a much larger capacitance than C \ . The function of C 3 , as will be shown, 
is to maintain a constant voltage across R x , and thus maintain the charg- 
ing current constant. 

To understand the operation of the bootstrap ramp generator, first 
consider the dc voltage levels before an input signal is applied. Transistor 
Q x is on, and its voltage is K C£(sal) , which is typically 0.2 V. Thus V x = 
0.2 V. This level is indicated as point A on the graph of voltage V x in 
Figure 7-7(b). The emitter of Q 2 is now at (^1 — ^BEl)-* which is also the 
output voltage F 0 (point B on the V Q graph). At this time, the voltage at 
the cathode of diode D x is y K = Vcc - y D „ where V DX is the diode for- 
ward voltage drop. The voltage, V cc - V D] is shown at point C on the 
graph of V K [Figure 7-7(b)]. The voltage across capacitor C 3 is the differ- 
ence between V K and V Q . 

When Q x is switched off by an input pulse, C, starts to charge via 
R x . Voltage V x now increases, and the emitter voltage V Q of Q 2 (the 
emitter follower) also increases. Thus, as V x grows, V Q also grows, re- 
maining only Vbe below V x [see Figure 7-7(b)]. As V Q increases, the 
lower terminal of C 3 is pulled up. Because C 3 is a large capacitor it retains 
its charge, and as V Q increases the voltage at the upper terminal of C 3 also 
increases. Thus, V K increases as V 0 increases, and V K remains K C3 volts 
above V Q . In fact, V K goes above the level of Kco and D x is reverse- 
biased. The constant voltage across C 3 maintains the voltage V* constant 
across/?,. Therefore, the charging current through R x is held constant, 
and the capacitor charges linearly, giving a linear output ramp. 

During the ramp time, D x is reverse-biased as already explained, and 
the charging current through R x is provided by capacitor C 3 . If C 3 is very 
large, and /, is small, then C 3 will discharge by only a very small amount. 
When the input pulse is removed and C, is discharged rapidly by (?,, V Q 
drops to its initial level. Also, V K drops, allowing D x to become forward- 
biased. At this time a current pulse through D x replaces the small charge 
lost from C 3 . The circuit is then ready to generate another output ramp. 

In addition to producing a very linear output ramp, another advan- 
tage of the bootstrap generator is that the amplitude of the ramp can ap- 
proach the level of the supply voltage. Note that the output ramp ampli- 
tude may be made adjustable over a fixed time period by making R x 
adjustable. 

The broken line on the graph of output voltage [Figure 7-7(b)] shows 
that the output, instead of being perfectly linear, may be slightly non- 
linear. If the dilTerence between the actual output and the ideal output is 
1% of the output peak voltage, then the ramp can be said to have 1% non- 
linearity. Some nonlinearity results from the slight discharge of C 3 that 
occurs during the ramp time. Another source of nonlinearity is the base 
current I B2 . As the capacitor voltage grows, I B2 increases. Since Ibi is part 
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of /,, the capacitor charging current decreases slightly as I B2 increases. 
Thus, the charging current does not remain perfectly constant, and the 
ramp is not perfectly linear. The design of a bootstrap ramp generator 
begins with a specification of ramp linearity. This dictates the charging 
current and the capacitance of C 3 . The percentage of nonlinearity usually 
is allocated in equal parts to AI B2 and A V C3 . 


EXAMPLE 7-6 


Design a transistor bootstrap ramp generator to provide an output am- 
plitude of 8 V over a time period of 1 ms. The ramp is to be triggered by 
a negative-going pulse with an amplitude of 3 V, a pulse width of 1 ms, 
and a time interval between pulses of 0.1 ms. The load resistor to be sup- 
plied has a value of 1 k 12 and the ramp is to be linear within 2%. The 
supply voltage is to be ± 15 V. Take h FE{min) = 100. 

solution 

The circuit is shown in Figure 7-7(a). 


R e = R l = 1 kQ 


When V 0 = 0, 


j ^ Jee 

1 F — 


15 V 

i k n 


= 15mA 


When V Q = V p , 


i ^ Vee + Vp 

— <r 

15 V + 8 V 


1 kU 


= 23 mA 


At V Q = 0, 


/ ^ [ei 

— 7 
" FE 


At V 0 = V p , 


/„ = = o. 


15 mA 


100 
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l = 23mA = Q 23 mA 
100 

A I B2 = 0.23 mA - 0.15 mA = 80 #*A 

Allow 1% nonlinearity due to A I B2 , (that is, A I B2 represents a loss of 
charging current to C, ) 

/, = 100 x A I B2 
= 100 x 80 mA 
= 8 mA 

n _ /,/ /, x (Ramp time) 

1 " ~Kv v~ P 

8 mA x 1 ms 
= %~V 

= 1 p . F (standard capacitor value) 

Vr\ = ^CC ~ ^D\ ~ ^C£(sat) 

= 15 V - 0.7 V - 0.2 V 
= 14.1 V 

R = = 14.1 V 

' /, 8 mA 

= 1.76 kO (use 1.8 kQ standard value) 

For 1% nonlinearity due to C 3 discharge. 


VC3 

A F C3 


1% of initial K C3 level 


cc 


15 V 


15 V 
100 


0.15 V 


and C 3 discharge current is equal to /, = 8 mA. 


/, t 8 mA x 1 ms 
= Ayes = 0.15 V 

= 53 pF (use 56 /iF standard capacitance value) 


R B and C 2 are calculated as they were for Example 7-1 . 
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7-6 1C BOOTSTRAP RAMP 
GENERATOR 

An IC operational amplifier (see Sec. 5-4) connected as a voltage follower 
forms part of the bootstrap ramp generator in Figure 7-8. When an op- 
erational amplifier is used as a voltage follower, the inverting input ter- 
minal is connected directly to the output. The input signal is applied at 
the noninverting input. 

The operation of the voltage follower can best be understood if it is 
assumed that both input terminals are initially at ground level. The out- 
put is also at ground level at this time. Note that the output from an op- 
erational amplifier is the amplified voltage differetice between the two input 
terminals . Now, suppose an input of 1 V is applied at the noninverting 
terminal. Since the amplifier has a very large gain, the output tends to 
move positively towards the saturation level. However, as the output in- 
creases positively, the voltage at the inverting terminal also increases 
positively. When the inverting terminal voltage equals the noninverting 
terminal voltage ( i.e ., 1 V), there is no longer any voltage difference be- 
tween the two input terminals. Consequently, there is no longer an input 
signal, and the output voltage ceases to increase. Thus, the output voltage 
follows the input very closely. 

Actually, there is a small voltage difference between the input ter- 
minals of a voltage follower. This difference is equal to the output 
voltage divided by the amplifier gain. For a mA741 with an output of 
10 V, the input difference would be typically. 


10 V 

200,000 


50 mV 


This means that the output voltage is only 50 pV behind the input voltage. 
This is a big improvement on the transistor emitter follower, where V Q is 
typically 0.7 V behind V,-. 

It is seen that the voltage follower is an amplifier with a gain of 1, 
and that the output closely follows the input. The voltage follower also 
has the high input impedance and low output impedance characteristic of 
the IC operational amplifier. 

The circuit of the IC operational amplifier bootstrap generator is 
almost exactly like that of the transistor bootstrap circuit. The voltage 
follower takes the place of the emitter follower. Note that although 
a ± V supply is still required, the load resistance R L now can be 
grounded. Also note that the output ramp starts at F C£(sat) instead of at 
K C£(sat) — Vbe- The low input current to the operational amplifier has an 
almost negligible effect on the charging current to C, in the IC bootstrap 
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FIGURE 7-8. Bootstrap ramp generator using an IC operational 
amplifier. 


circuit of Figure 7-8. In fact, the reverse leakage current of D { (when it is 
reverse-biased) is much more significant than the input bias current of 
the amplifier. Using a 1N914 diode (Appendix 1), 1 R is typically 3 fiA. 
For the ^A741, the maximum input bias current is 500 nA. (Note that for 
the transistor bootstrap circuit, I R of Z), is very much smaller than I B of 
transistor Q 2 .) The leakage current of D x becomes the starting point for 
the IC bootstrap circuit design. This results in a lower charging current to 
Cj and in smaller values of C,, C 2 , and C 3 . 

EXAMPLE 7-7 

Design a bootstrap ramp generator using a ^A741 operational amplifier. 
The specifications for the circuit are the same as those for the circuit of 
Example 7-6. 

solution 

The circuit is shown in Figure 7-8. 

R l = 1 kS2 

l R = 3 fiA (when Z), is reverse-biased) 


Allow 1% nonlinearity due to I R : 
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100 x l R 

100 x 3 mA = 300mA 

/,/ _ /, x (Ramp time) 

AV = Vp 

300 fiA x 1 ms 
8V 

0.0375 mF (use 0.039 mF standard value) 

Fee — V D\ ~ Fe£( sat ) 

15 V - 0.7 V - 0.2 V 
14.1 V 

Vrx_ = 14.1 V 
/, 300 m A 

47 kQ (standard value) 

For 1% nonlinearity due to C 3 discharge: 

AK C3 = 1% of initial K C3 

V C} V cc = 15 V 

AK f) = = 0.15 V 

° 100 

C 3 discharge current = /, = 300 mA 

^ /, r 300 mA x 1 ms - c 

1 — ' — ^ lir 

3 AK CJ 0.15 V 

(standard value) 

Compare this to C 3 = 100 mF for the transistor circuit of Example 7-6. 
The discharge time of C, is equal to one-tenth of the charge time. There- 
fore, the discharge current of C, is ten times greater than the charge 
current. 

Minimum I c of (7, - 10 x /, 

= 10 x 300 fiA = 3 mA 
]_!<:_ 3 mA 


/, - 
C, = 

F„ = 
R x = 


100 
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= 30 pA 

V — V 
R b = l££ 

Ib 

= 15 V - 0.7 V 
30 (i A 

= 477 kft (use 470 k ft standard value) 

During the input pulse, A V C2 = 1 .8 V (see Example 7- 1 ) and the charging 
current of C 2 can be expressed by: 

J = v cc - K _ 15 V - ( — 3 V) 

R„ 470 k 12 

= 38 n A 

Thus, 

q _ U _ 38 x 1 ms 
2 ~ AV ~ 1.8V 

= 0.02^F (standard value) 


7-7 FREE-RUNNING 
RAMP GENERATOR 

A bootstrap ramp generator may be made free-running by employing a 
Schmitt circuit to detect the output peak level and generate a capacitor 
discharge pulse. In the circuit shown in Figure 7-9(a) pnp transistor (7, 
discharges C, when the Schmitt circuit output is negative. Diode Z), pro- 
tects the base-emitter junction of Q x against excessive reverse bias when 
the Schmitt output is positive. 

Consider the circuit waveforms shown in Figure 7-9(b). During the 
time that the Schmitt circuit output is positive, Q x remains off and C, 
charges; this provides a positive-going ramp output. When the ramp am- 
plitude arrives at the UTP of the Schmitt circuit, the Schmitt output be- 
comes negative. This causes I BX to flow, biasing Q x on and discharging C,. 
As the voltage of capacitor C, falls, the ramp output also falls rapidly, 
and this continues until the Schmitt LTP is reached. The presence of D y 
makes the Schmitt circuit have an LTP close to ground (see Sec. 6-7.2). 
Therefore, when the ramp output falls to ground level, the Schmitt output 
goes positive again, switching Q x off and allowing ramp generation to 
commence again. 



FIGURE 7-9. Free-running ramp generator circuit, circuit wave- 
forms, and controls. 
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The free-running ramp generator can be synchronized with another 
waveform by means of negative pulses coupled via capacitor C 3 . The 
presence of the negative pulse lowers the UTP of the Schmitt circuit, so 
that the Schmitt output becomes negative, causing the ramp to go to zero 
when the synchronizing pulse is applied. 

Potentiometer R 1 [Figure 7-9(c)] allows the charging current to C, to 
be adjusted, thus controlling the ramp length and the output frequency. 
In Figure 7-9(d) R b affords adjustment of the Schmitt UTP. This provides 
control of the ramp amplitude. 

EXAMPLE 7-8 

Design a free-running ramp generator with an output frequency of 1 kHz 
and an output amplitude in the range OV to 8 V. Use ^A741 opera- 
tional amplifiers and a supply voltage of =b 1 5 V. 

solution 

Schmitt circuit. For an output of 0 V to 8 V, the Schmitt circuit must have 
an LTP of 0 V and a UTP of 8 V. Design th& Schmitt circuit exactly as in 
Example 6-9. 

Bootstrap circuit. The bootstrap output should go from 0 V to 8 V over a 
time period of 1/1 kHz. (i.e., 1 ms). Design the circuit as in Example 7-7, 
substituting a pnp transistor for Q x . 


7-8 MILLER INTEGRATOR CIRCUIT 

7-8.1 Miller Effect 

Consider the circuit of Figure 7-10, in which an operational amplifier is 
connected as an inverting amplifier. Let the amplifier voltage gain be 
-A v . Then, 


Vo = -A y V, 

Note that because of the amplifier phase shift, the voltage at the 
left-hand terminal of C, increases by while that at the right-hand termi- 
nal of the capacitor decreases by AyVj when is positive. This results in a 
total capacitor voltage change of: 
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AK, = V t + 

= KO + 

Using the formula Q = C x AV, the charge supplied to the capaci- 
tor is: 


Q = C, x A V x 

= C,X Ffll + Ay) 


or 


= (1 + Ay)C x X 

Thus it appears that the input has supplied a charge to a capacitor with 
a value of (1 + A y )C l , instead of C, alone. Capacitance C, is said to 
have been amplified by a factor of (1 + A v ). This is known as the Miller 
effect. 


H-’M 



FIGURE 7-10. Miller effect or amplification of capacitance by 
inverting amplifier. 


7-8.2 Miller Integrator 

The Miller integrator utilizes the Miller effect to generate a linear ramp. 
In the circuit of Figure 7- 11 (a), a square wave input supplies charging 
current, alternatively positive and negative, to C,. The noninverting input 
terminal is grounded by a resistance R 2 equal to the resistance /?, at the 
inverting input terminal. This is to ensure that the small bias currents 
cause equal voltage drops at each input terminal. Recall that, because of 
the very large gain of the operational amplifier, the voltage difference be- 
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tween the two input terminals is never greater than about 50^V. Thus, it 
can be said that the inverting input terminal is always very close to ground 
level. The inverting terminal of an inverting operational amplifier is fre- 
quently termed a virtual ground, or virtual earth. Thus, the input voltage 
appears across R x and the input current is simply VJ R x , which remains 
constant. 

If the input current /, is much greater than the input bias current 
of the amplifier, then /, will not flow into the amplifier. Instead, effec- 
tively all of /, flows through capacitor C,. For a positive input voltage, /, 
flows into C, charging it positively on the left-hand side and negatively on 
the right-hand side [Figure 7-1 1(b)]. In this case the output voltage be- 
comes negative, because the positive terminal, that is, the left-hand termi- 
nal, of the capacitor is held at the virtual ground level of the inverting 
input. A negative input voltage produces a flow of current out of C, 
[Figure 7-1 1(c)]. Thus the capacitor is charged negatively on the left-hand 
side and positively on the right-hand side. Now the output becomes posi- 
tive, because the negative terminal of the capacitor is held at virtual 
ground. 

Since /, is a constant ( + £r -) quantity, and since effectively all of /, 
flows through the capacitor, C, is charged~linearly. Thus the output volt- 
age changes linearly, providing either a positive or negative ramp. When 
the input voltage is positive, the output is a negative-going ramp. When 
the input is negative, a positive-going output ramp is generated. There- 
fore, when the input is a square wave, the output waveform is triangular. 
This is illustrated in Figure 7-1 1(d). 

Consider the Miller circuit of Figure 7-1 1(a). If the input is, say, 
20 pV away from ground level, then the output voltage could be ( A v x 
20 pV) = ±(200,000 x 20^V) = ±4V. In this case the output is said 
to have drifted from its zero level. Even when the input terminal is main- 
tained exactly at ground level, there could be a slight difference in the volt- 
age at the amplifier inputs, due to small differences in the resistances of 
R x and R 2 , for example. Thus, because of the very high gain of the opera- 
tional amplifier, its output voltage is very likely to drift from the zero 
level. The output voltage drift produces a charge on capacitor C,; this 
charge gives the output an offset so that it is not symmetrical above and 
below ground (see Figure 7-12). 

To minimize the output voltage drift, a large resistance [/? 3 in Fig- 
ure 7-1 1(a)] is connected between the output and the inverting input termi- 
nals. The effect of this resistance is to cut down the dc gain of the ampli- 
fier. When R 3 /R\ = 10, for example, the output drift will be only 10 
times the input voltage difference. A ratio of 10:1 is typical for R } /R 

The presence of R } has the disadvantage that it affects the perfor- 
mance of the integrator at low frequencies. If the input frequency is so 
low that the capacitance impedance is very much larger than R }y then the 
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FIGURE 7-11. Miller integrator circuit, C, charging action, and 
waveforms. 


b*4 v-H 



FIGURE 7-12. 


Effect of charge on C, due to output drift. 
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capacitor has a negligible effect and the circuit will not function as an inte- 
grator. Therefore, C, should be selected so that: 

X CI « R 3 

As a lower limit, X cx = /? 3 /10, so 


1 *3 

2tt/C, 10 

The lowest operating frequency of the integrator is 


/ = 


10 

2 7T C x R 3 


(7-2) 


The design of a Miller integrator circuit begins with selection of the 
input current I x very much larger than the amplifier bias current. Then, 
/?, is calculated as From C = It/V , C, is determined using the 

desired output voltage, the time period, and the input current. 


EXAMPLE 7-9 

Design a Miller integrator circuit to produce a triangular waveform out- 
put with a peak-to-peak amplitude of 4 V. The input is a ±10V square 
wave with a frequency of 250 Hz. Use a ^A741 operational amplifier 
with a supply of ±15V. Calculate the lowest operating frequency for the 
integrator. 

solution 

The circuit is shown in Figure 7-1 1(a). The mA 741 data sheet in Ap- 
pendix l-ll gives the input bias current as: 

l B = 500 nA, maximum /, » I B 


Let 


/, = 1 mA 

R = = 10V 

1 /, 1 mA 


= 10k$2 
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Let 


R } = 10/?, = 100 k 
R 2 = RjR l ~ 10 kO 

The ramp length is equal to one-half of the time period of the input, which 
is 1/(2/), or 


\_ 

2 x 250 Hz 


= 2 ms 


The ramp amplitude is equal to the peak-to-peak voltage output, which 
is 4 V. 

^ It 1 mA x 2 ms A c r- 

C, = = = 0.5 uF 

A V 4 V 

Thus from Equation (7-2) the lowest operating frequency is 

10 


/- 


2 7r x 0.5 x 100 kft 
= 32 Hz 



FIGURE 7-13 


Miller integrator circuit as ramp generator. 
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The circuit in Figure 7-13 shows a Miller integrator operating as a 
ramp generator. The negative-going pulse generates the positive ramp by 
producing current /, in the direction shown. At this time ^-channel FET 
(0,) is biased off by the negative input pulse. When the input goes to 
ground level, /, goes to zero and Q x is switched on. Q } discharges C, and 
keeps it discharged until the input becomes negative again. If C, is to be 
discharged in one-tenth of the charge time, then Q x must be able to pass a 
current ten times greater than the charge current /,. To ensure that Q x 
is biased off when the input pulse is present, the input pulse must have a 
negative amplitude greater than the FET pinchotT voltage. 


7-9 TRIANGULAR 

WAVEFORM GENERATOR 

A free-running triangular waveform generator can be constructed, using 
the output of the Miller circuit in Figure 7-1 1(a) to generate its own 
square wave input. Consider the circuit in Figure 7-14(a). The Miller 
integrator circuit used is exactly as discussed in the last section. The out- 
put of the Miller circuit is fed directly to an IC Schmitt trigger circuit. 
The Schmitt is designed to have a positive UTP and a negative LTP (see 
Sec. 6-7). An inverter connected directly following the Schmitt, inverts 
the Schmitt output and feeds it as an input to the Miller circuit. 

Operation of the circuit is easily understood by considering the 
waveforms in Figure 7- 1 4(b). At time /, the integrator output has reached 
the UTP (a positive voltage) and the Schmitt circuit output is negative at 
approximately ~(V EE - 1 V). This negative voltage produces a positive 
output from the inverter. The positive voltage from the inverter causes 
current /, to flow in the direction shown, charging C, positive on the left- 
hand side. As C, charges in this direction, the integrator output is a 
negative-going ramp. The integrator continues to produce a negative- 
going ramp while its input is a positive voltage. At time / 2 , the integrator 
output arrives at the LTP (negative voltage). The Schmitt trigger circuit 
output now becomes positive and causes the inverter output to become 
negative. The negative input to the integrator reverses the direction of /,. 
Thus the integrator output becomes a positive-going ramp. This positive- 
going ramp generation continues until the integrator output arrives at the 
UTP of the Schmitt circuit once again. Synchronizing pulses applied via 
C 2 lower the trigger point of the Schmitt circuit, causing it to trigger be- 
fore the ramp arrives at its normal peak level. 

The circuit described above generates a triangular waveform with a 
constant peak-to-peak output amplitude and a constant frequency. The 




frequency control 


FIGURE 7-14. Triangular waveform generator circuit, circuit 
waveforms, and controls. 
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modifications shown in Figures 7-14(c) and (d) allow both frequency and 
amplitude adjustment. R 6 adjusts the UTP and LTP of the Schmitt cir- 
cuit, and thus controls the peak-to-peak output amplitudes. R 1 affords 
adjustment of the input current to the integrator, and therefore controls 
the rate of charge of Cj. This means that the ramp time period is con- 
trolled by adjusting R-,. 

In the design of a triangular waveform generator, each section must 
be treated separately. 


EXAMPLE 7-10 


Design a free-running triangular waveform generator to have a peak-to- 
peak output of 4 V at a frequency of 250 Hz. Use mA 741 operational 
amplifiers and a supply voltage of ± 15 V. 

solution 

Schmitt circuit . For 4V, p-to-p, the Schmitt circuit UTP = 2V and 
LTP = -2 V. A Schmitt circuit can be designed as in Example 6-7 to give 
these desired trigger points. 

Inverter circuit. The inverter is simply an operatiortal amplifier connected 
as shown in Figure 7- 14(a). The inverter output is approximately 
+ (K CC - IV) and -(K ££ - IV). That is, the inverter output 
±(15 V - 1 V) ~ ±14 V. 

Miller integrator circuit. The input to the Miller circuit is the inverter 
output, that is, ^ ± 14 V. 


Ramp amplitude = 4 V 


Ramp time period = — = 


= 2 ms 


1 

2 x 250 Hz 


Design the Miller circuit as in Example 7-9. 


7-10 CRT TIME BASE 

The need to synchronize a ramp generator is best understood by consider- 
ing the time base for a cathode-ray oscilloscope. While the signal to be 
displayed provides vertical deflection of the electron beam, a ramp genera- 


Sec. 7- JO 


CRT TIME BASE 


189 


tor provides horizontal deflection. To obtain a correctly displayed signal, 
the electron beam must start at the left-hand side of the tube at the same 
instant that the input signal is going positive. Thus, the ramp must com- 
mence at this instant. 

Figure 7-15 illustrates the process of obtaining synchronism of the 
ramp and the input signal. The signal normally is applied to a vertical 
amplifier, which controls the voltage on the vertical deflecting plates. This 
amplifier provides two equal output voltages, which are opposite in polar- 
ity, to the deflecting plates. One output is also fed to a Schmitt trigger 
which simply converts it to a square wave. The square wave is then dif- 


Signal to 
be displayed 


Signal 

squared 


Square 

wave 

differentiated 


Negative 

spikes 

clipped 


Ramp for 
horizontal 
deflection 


Signal 

input 



FIGURE 7-15. 


Automatic time base for cathode ray tube. 
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ferentiated to obtain a spike waveform, and the negative spikes are clipped 
off. This results in a series of positive spikes, each of which occurs 
exactly at the instant that the input signal is entering its positive half- 
cycle. These spikes are fed to the ramp generator synchronizing input 
terminal, causing the ramp to return instantaneously to its starting level. 

REVIEW QUESTIONS AND PROBLEMS 

7-1 Sketch the circuit of a simple CR ramp generator. Briefly explain 
its operation and its limitations. Also sketch the typical input and 
output waveforms. 

7-2 Design a CR ramp generator to give an output of 3 V peak. The 
supply voltage is 20 V, and the load to be connected at the output 
is 330k0. The ramp is to be triggered by a negative-going pulse 
with an amplitude of 4 V, PW = 3 ms, and time interval between 
pulses of 0.3 ms. Take the transistor h FE{mm) = 70. 

7-3 Sketch the circuit of a CR ramp generator using a transistor con- 
stant current circuit. Briefly explain how the circuit operates. Also 
sketch typical input and output waveforms. 

7-4 Design a constant current circuit for the CR ramp generator de- 
signed in Problem 7-2. 

7-5 Redesign the constant current circuit of Problem 7-4 to make the 
ramp amplitude adjustable from 2 V to 4 V. 

7-6 Sketch the circuit of a UJT relaxation oscillator with adjustable 
output frequency. Sketch the output waveform, and show how the 
circuit can be synchronized by external pulses. Briefly explain the 
operation of the circuit. 

7-7 Design a relaxation oscillator using a 2N3980 UJT. The supply 
voltage is 25 V and the output frequency is to be 2 kHz. Calculate 
the amplitude of the output waveform. 

7-8 Using a 2N6027 PUT, design a relaxation oscillator to operate 
from a supply of 20 V. The output is to be 7 V peak at a frequency 
of 3 kHz. 

7-9 Sketch the circuit of a transistor bootstrap ramp generator. Show 
the waveforms, and explain the operation of the circuit. 

7-10 A transistor bootstrap generator is to produce an output of 7 V, 
with a time period of 2.5 ms. The load resistor is to be 1 .2 k S2 , and 
the ramp is to be linear to within 3%. Design a suitable circuit 
using transistors with h FE{min) = 120 and V cc = rt20 V. 
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7-1 1 Sketch the circuit of a bootstrap ramp generator using an IC opera- 
tional amplifier. Briefly explain the operation of the circuit, draw- 
ing a comparison between it and the transistor bootstrap circuit. 

7-12 Design a bootstrap generator using a ^A741 operational amplifier. 
The circuit specification is the same as for the circuit in Prob- 
lem 7-10. 

7-13 Sketch the circuit of a free-running bootstrap ramp generator. 
Show the waveforms and carefully explain the operation of the cir- 
cuit. Also, show how the input frequency and amplitude may be 
controlled. 

7-14 Design a free-running bootstrap ramp generator using ^A741 IC 
operational amplifiers. The output ramp is to have an amplitude of 
±3 V and frequency of 2 kHz. Use a supply voltage of ± 1 2 V. 

7-15 Sketch the circuit of a Miller integrator, and explain its operation. 
Show output and input waveforms. 

7-16 Design a Miller integrator circuit to produce a triangular output 
waveform with a peak-to-peak amplitude of 3 V. The input is a 
±8 V square wave with a frequency of 750 kHz. Usea^A741 oper- 
ational amplifier with a supply of ±12V. Calculate the lowest 
operating frequency for the integrator. 

7-17 Sketch a Miller integrator circuit connected to operate as a ramp 
generator. Show the input and output waveforms, and explain the 
circuit operation. 

7-18 Sketch the circuit of a free-running triangular waveform generator 
using IC operational amplifiers. Show all the waveforms in the cir- 
cuit, and carefully explain the overall circuit operation. Also, show 
how the output amplitude and frequency may be controlled. 

7-19 Design a free-running triangular waveform generator to have an 
output of ±2.5 V at a frequency of 500 Hz. Use mA 741 operational 
amplifiers and a supply of ± 12 V. 

7-20 Sketch the block diagram of an automatic time base for a cathode- 
ray tube. Show the waveforms at the various points in the diagram, 
and explain the operation of the system. 


Chapter 8 


Monostable and 
Astable Multivibrators 


INTRODUCTION 

The monostable multivibrator has one stable state, and may be triggered 
temporarily into another state. When triggered, the circuit generates an out- 
put pulse of constant width and amplitude. In the collector-coupled mono- 
stable circuit, the transistors are switched into saturation. The emitter- 
coupled circuit may be designed for saturated or unsaturated operation. An 
1C operational amplifier may be employed as a monostable multivibrator by 
the external connection of appropriate resistances and capacitances. Inte- 
grated circuit units also are available for direct application as monostable 
multivibrators. 

The astable multivibrator has no stable state; that is, the circuit 
oscillates between two temporary states. Astable circuits normally are de- 
signed to operate as square wave generators. 


792 


Sec. 8-1 


COLLECTOR-COUPLED MONOSTABLE MULTIVIBRATOR 


193 


8-1 COLLECTOR-COUPLED 

MONOSTABLE MULTIVIBRATOR 


The monostable multivibrator (also known as a one-shot multivibrator) 
has a single stable condition. One transistor is normally on and the other 
transistor is normally off. The condition can be reversed by application of 
a triggering pulse, which turns on the normally off transistor and switches 
off the normally on transistor. The reversed condition lasts only for a 
brief time period, dependent upon the circuit components. 

Consider the collector-coupled monostable circuit shown in Fig- 
ure 8-1. The circuit is described as collector-coupled because the collector 
terminal of Q 2 is coupled via R x and R 2 to the base terminal of Q x . In the 
normal dc condition of the circuit, base current I B2 is provided from K:c 
to Q 2 via resistance R B . Thus transistor Q 2 is normally on. At this time, 
diode Z), is forward-biased and has no significant effect on Q 2 . The func- 
tion of Z) | will become apparent later. With Q 2 on in saturation, the col- 
lector voltage of Q 2 is (F C£(sat) + V DX ) above ground level. The base volt- 
age V Bl of Q x is determined by the negative supply voltage V BB and by R x 
and R 2 , as well as the collector voltage of Q 2 . With Q 2 collector near 
ground level, V BX is likely to be negative ( i.e ., Q x base is biased below its 
grounded emitter). Therefore, with Q 2 normally on, Q x is normally off. 

When Q x is off, its collector current is zero. Therefore, there is no 
voltage drop across R LlJ and the collector of Q x is at the supply voltage 
level V cc . Also, with Q 2 on, the base voltage of Q 2 is V B2 = V BE + V DX . 
On the right-hand terminal of capacitor C, the voltage is V B2y and on the 
left-hand terminal it is V cc . Hence the capacitor voltage is E 0 = V cc - 
V B2 , positive on the left-hand side as shown in Figure 8-1 . 

Now consider what would occur if Q x were triggered on to saturation 
for a brief instant. (This could be made to occur by, for example, capaci- 
tor-coupling a positive-going spike to the base of Q x as shown in Fig- 
ure 8-1.) The collector voltage of Q x drops almost to ground level. 
Capacitor C, will not lose its charge E a instantaneously; therefore, when 
the left-hand terminal of C, drops to K C£(sal) the right-hand terminal will 
drop to (F C£(sat) - E a ). Consequently, Q 2 base voltage goes to (F C£(sat) - 
E 0 ) — i.e., Q 2 is biased off. With Q 2 off, there is no longer a collector 
current to produce a voltage drop across R l2 . Thus, V C2 rises, Q x base is 
biased above ground level, and Q x remains on. It is seen that when Q x is 
triggered on briefly, Q 2 goes off and Q x remains on. As will be seen Q x 
stays on only for a brief time. 

The transistor switching process is illustrated by the waveforms in 
Figure 8-2. Prior to Q x being triggered on, the voltages are: V BX = — V, 
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V = V V B2 ~ 1.4 V, V C2 ~ 0.9 V. When Q , is triggered on, V BX ^ 
0.7 V, V cl ~ 0.2 V, V B2 = (V c , - £„) =* -£., V C2 « K cc . 

With the exception of all the above voltages remain constant 
while Q 2 stays biased off. Vb2 does not remain constant because C x dis- 
charges via (see Figure 8-3). Voltage E 0 across C, initially is positive 
on the left hand side and negative on the right hand side. Current I flow- 
ing into the right-hand side of C, will tend to discharge C, and then re- 
charge it with reversed polarity. Thus ^ Bl begins to rise toward ground 
level. When C, is discharged to e cX ^ 0 V, Q 2 base-emitter and D x begin 
to be forward-biased again. At this point I C2 again begins to flow and 
V C 2 starts to fall (see Figure 8-2). When K-2 falls, it causes V BX to fall; 
consequently v c\ rises and causes V B 2 to rise. The result of this is that 
Q x rapidly switches off and Q 2 rapidly comes on again, just as C, is dis- 
charged to approximately zero volts. At this time, the negative spike at 
Q x base is due to speed-up capacitor C 2 (Figure 8-1) transmitting all 
the Q 2 collector voltage change to the base of Q x and then discharging. 
When Q x switches off and Q 2 switches on again, C, is rapidly recharged to 
E 0 via R lx and Q 2 base. The circuit has now returned to its normal stable 
state and remains in this condition until Q x is triggered on again. 
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Refer again to the waveforms in Figure 8-2. It is seen that when the 
voltage at Q 2 collector is a positive-going pulse, that at Q x collector is 
a negative-going pulse. These two pulses are equal in width and either 
or both may be taken as output from the circuit. The pulse width of the 
output depends upon the values of C, and R B . If R B is made variable the 
output pulse width may be adjusted. 

The monostable multivibrator now can be described as a circuit 
with one stable state capable of producing an output pulse when triggered. 
The output pulse width is constant, and can be made adjustable by mak- 
ing R b adjustable (see Figure 8-3). 

The purpose of /), is to protect the base-emitter voltage of transistor 
Q 2 against excessive reverse bias. When Q ] is triggered on, ^82 falls to ap- 


Time 



X 


FIGURE 8-2. 


Monostable multivibrator circuit waveforms. 
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proximately - Ycc Most transistors will not survive more than a reverse 
base-emitter voltage of 5 V, while most diodes might easily take reverse 
bias of 50 V without breaking down. Thus diode /),, in series with Q 2 
emitter terminal, allows large negative voltages to be applied to Q 2 base. 
In some circuits, the reverse bias at the base of Q x may be excessive, and 
in this case a diode should be connected in series with Q ] emitter. 

Capacitor C 2 in Figure 8-1 is a speed-up capacitor to improve the 
transistor turn -on and iuvn-off times. The function of the speed-up capac- 
itor is discussed in detail in Sec. 4-4. 



FIGURE 8-3. Negatively charged capacitor C, discharged via 
R b when 0, is on and Q 2 is off. 

8-2 DESIGN OF A COLLECTOR-COUPLED 
MONOSTABLE MULTIVIBRATOR 

The design of a monostable multivibrator usually begins with specifica- 
tions of the output pulse width, the supply voltage, the load, and, perhaps, 
the transistors to be employed. As with other circuits, it might be possible 
to connect the load directly into the circuit as either R u or R L2 . More fre- 
quently, the load is coupled to Q 2 collector, and R L2 is selected to be much 
smaller than the load resistance. Alternatively, I C2 may be selected to be 
much larger than the maximum output load current. 

I C2 and R L2 must be chosen so that transistor Q 2 is in saturation, 
that is, (I C 2 ^L 2 ) ~ v cc- Base current I B2 is calculated as 1 C iI^fe{ min), 
minimum value of h FE ensuring that l B2 is large enough to drive Q 2 to 
saturation. The base resistance R B2 is then calculated as ( V cc - F fl2 )// fl2 . 
R ia usually is made equal to R L2 , and so / C1 — I C2 . 
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Resistors R x and R 2 provide on or o^bias to Q x base. For a stable 
bias voltage V BX , the current / 2 that (lows through R x and R 2 should be 
much larger than the base current to Q x . When Q x is on, I BX flows through 
R x . If f BX is not much smaller than / 2 , variations in I BX may upset the 
bias voltage at Q x base. To achieve the condition / 2 » I BX , R x and R 2 
should be selected as small as possible. However, R x and R 2 also consti- 
tute a load on resistance R L2 \ thus to avoid overloading R L2 , R x and R 2 
should be chosen as large as possible. These contradictory requirements 
are met by applying the rule-of-thumb that / 2 ^ / C2 /10. Since I cx ^ / C2 , 
/ 8I becomes I C i/h mmm) . Then. I 2 is (h mmin) /\0) x V When a design is 
worked through, it will be seen that making 1 2 — I ci! 10 also results in R x 
and R 2 each being 5 to 10 times R L2 . 

The output pulse width for a monostable circuit is dictated by the 
time taken for C x to discharge from its initial voltage level to approxi- 
mately zero volt. Therefore, C, is calculated from Equation (2-2). 

e c = E - (E - E 0 )t ™ [Equation (2-2)] 

For the collector-coupled monostable circuit, 

e c ^ 0, E = K cc , and 
E 0 = ~(Vcc ~ Y* 2 ) 

Note that C, is charged initially positive on the left-hand side and nega- 
tive on the right-hand side. When Q x is on and Q 2 is off, C x tends to 
charge negative on the left-hand side, and positive on the right-hand 
side. Thus, the initial voltage E 0 of C, must be taken as negative, and 
the charging voltage E as positive. 

The initial value of Q 2 base voltage, that is, when Q 2 is on, is 


E 0 — — ( F cc — V BE — V D , ) 
t = Specified PW 
C = C, 

R = R b , which is 

the resistance through which C, is charged when Q x is on and Q 2 is off. 

The speed-up capacitor C 2 is determined by a method similar to that 
employed for the inverter circuit and the Schmitt trigger circuit. 
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EXAMPLE 8-1 

A collector-coupled monostable multivibrator is to operate from a ±9 V 
supply. Transistor collector currents are to be 2 mA, and the transistors 
used have h FEimin) = 50. Neglecting the output pulse width, design a suit- 
able circuit. 

solution 

The circuit is as shown in Figure 8-1. For Q 2 on and saturated [Fig- 
ure 8-4(a)], 

^ Vcc ~ Vox 

A: 

= 9 V - 0.7 V 
2 mA 

= 4.25 kO (use 4.7 kO standard value) 

_ L c , 

2 mA Ari A 

= = 40 u A 

50 

= Vcc ~ Vbe ~ Yox 
Ib2 

= 9 V -0.7 V -0.7 V 
40^A 

= 1 90 k 12 (use 180 kO standard value) 

For Q a on and saturated [Figure 8-4(b)], 

Ru = Rli = 4.7 kS2 

To make I 2 > I B \ , let 



2 mA a 

= = 200 ^ A 

10 

V BX = ^be - 0.7 V (when is on) 


R, 


A 


B 2(min) 


R* 
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V - V — V 

v R2 — y B I v BB 

= 0.7V - (-9 V) = 9.7V 



9.7 V 
200 m A 

= 48 .5 k 12 (use 47 k!2 standard value) 

I B] + / 2 ~ 200m A 4- 40m A 
= 240 m A 


= 9 V - 0.7 V 
240 m A 

= 34.6 k 12 

Rl = (Rli + *.) - R L 2 
= 34.6 ktt - 4.7 kO 

= 29.9 kO (use 27 k!2 standard value) 


The circuit design is now complete (ignoring PW). V BX should be 
calculated when Q 2 is on to determine that Q x is off at this time, and to 
check that the reverse bias is not excessive on Q x base-emitter junction. 


When Q 2 is on. 


y„i = - v* t 

^C2 = ^Dl + ^C£(sat) 

^ 0.7 V + 0.2 V 


Vn = 


= 0.9 V 


R , + R 2 
27 k 12 


27 k 12 + 47 k!2 


(^C2 - Vbb) 

[0.9 V - (-9 V)] 


3.6 V 
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FIGURE 8-4. 

(b) for Q | on. 


Monostable multivibrator circuit (a) for Q 2 on and 
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V B] = 0.9 V - 3.6 V 


= -2.7 V 

This value of V B1 is sufficient to ensure that Q x is biased off when Q 2 is on. 
Also -2.7 V is less than the typical limit of -5 V for a reverse-biased base- 
emitter junction. 


EXAMPLE 8-2 

For the circuit designed in Example 8-1, select a suitable capacitor to give 
an output pulse width of 250 /is. 

solution 

By Equation (2-2) 


-t 

e c = E - (E - E 0 )e CR [Equation (2-2)] 


(£ 






e e = 0 V 
E = V cc = 9 V 
K = -( Vcc - Vbe - Vox) 

= -(9 V - 0.7 V - 0.7 V) = -7.6 V 
I = 250 /is 
R = R b = 180 kO 
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C, = 


180 k!2 In 


250 ms 

9 V - (-7.6 V) 


9 V - 0 V 


= 2.3 x 10- 9 

= 0.0023 mF (use 0.0025 mF standard capacitor value) 


8-3 TRIGGERING THE MONOSTABLE 
MULTIVIBRATOR 

Monostable multivibrator triggering can be effected either by switching off 
the normally on transistor, or by turning on the normally off transistor. 
Figure 8-5(a) shows a positive-going spike capacitor coupled to the base of 
normally off transistor Q x . This raises Q ] base above its grounded emitter, 
thus switching it on. Q x switch-rw then causes Q 2 to switch off. The input 
spike “sees” resistances R x and R 2 in parallels a load, as well as the tran- 
sistor input resistance. Therefore, the spike has to supply current through 
R x and R 2 , as well as to supply base current to Q\. To ensure that Q x 
switches on and Q 2 switches off, the input current must be supplied for a 
time t equal to the turn-on time for Q x added to the turn-off time for Q 2 . 

The arrangement in Figure 8-5(b) provides for Q 2 (the normally on 
transistor) to be switched off. In this case, the negative-going spike pulls 
Q 2 base below ground for the transistor ium-off time. During this brief 
time, C, behaves as a short circuit, so that the load “seen” by the input 
spike is This is greater than the load “seen” by the positive- 

going spike in Figure 8-5(a). Therefore, triggering by a negative-going 
spike at Q 2B requires a larger input current than triggering by a positive- 
going spike at Q ]B . 

Perhaps the most effective monostable triggering circuit is that 
shown in Figure 8-5(c), in which an additional transistor Qy is employed. 
Qy normally is biased off by means of resistor Ry shorting its base and 
emitter terminals together. Coupling capacitor C c and resistor Ry operate 
as a differentiating circuit (see Chapter 2), so that the pulse input is differ- 
entiated, as illustrated in the Figure. Only the positive-going spike will turn 
on Qy. In the event that the negative-going spike is too large for Qy base- 
emitter, diode D 2 may be used to clip it off. When Q y switches on , its 
collector current causes a voltage drop across R lx and the charge on 
capacitor C, causes Q 2 to be biased off. Thus Qy switch-o/7 has the same 
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(c) Use of additional triggering 
transistor at Q l collector 


FIGURE 8-5. Various methods for triggering a monostable 
multivibrator. 


effect as Q x switch-on. To correctly trigger the circuit of Figure 8-5(c) the 
input spike must hold Q 3 on for the turn -off time of 0 2 . 

The design procedure for the triggering circuit of Figure 8-5(c) is 
similar to the capacitor-coupled inverter design in Example 5-5. This is 
also the procedure followed for selecting C c in the circuit of Figure 8-5(a). 
Design of the circuit of Figure 8-5(b) is similar to the design given in Ex- 
ample 5-4. 


204 Chap. 8 MONOSTABLE AND ASTABLE MULTIVIBRATORS 

8-4 EMITTER-COUPLED MONOSTABLE 
MULTIVIBRATOR 

In the emitter-coupled monostable multivibrator (circuit in Figure 8-6), a 
resistance R E connects both transistor emitter terminals to ground. Also, 
instead of R 2 being connected to a negative supply voltage, it now is con- 
nected to ground. The negative supply voltage is no longer required, and 
it is seen that one advantage of the emitter-coupled circuit is that it op- 
erates from a single supply voltage. Another advantage of this circuit is 
that the presence of R E makes it easy to maintain the transistors un- 
saturated. Thus, the transistors can be made to switch faster than in the 
case of the collector-coupled multivibrator. 

Reference to Figure 8-6(a) shows that transistor Q 2 is normally on, 
and that it is supplied with base current via R B . At this time, there is a 
voltage drop V E across resistor R E , as shown in the figure. Also, the 
voltage drop across R L2 makes Q 2 collector voltage something less than 
the supply voltage level. Q x base is biased from Q 2 collector via potential 
divider R x and R 2 ; their ratio is such that with Q 2 on, y Bi is less than 
V E . Therefore, Q x base voltage is below its emitter voltage, and Q x is 
biased off. With Q x off , its collector voltage equals the supply voltage. 
The initial voltage across C, at this time is y C r - v B \. 

When Q x is triggered on, its collector voltage drops, and the charge 
on C, causes the base voltage of Q 2 to drop. When Q 2 begins to turn off, 
its collector voltage starts to rise, thus raising the base voltage of Q x . With 
Q x on, the new level of V E is Vb\ ~ Vbe\-> and because the base of Q 2 is 
pushed below this level (by the charge on C, ) Q 2 is biased off. Then, Q 2 
remains off until C, has discharged enough to allow V Bl to rise above V E . 

Speed-up capacitor C 2 may be employed, as for the collector-coupled 
circuit. If the supply voltage is kept low, the reverse base-emitter voltage 
for Q 2 may not be large enough to require a diode in series with the 
emitter terminal. Triggering methods for the emitter-coupled circuit are 
exactly the same as those for the collector-coupled multivibrator. 

The design procedure for an emitter-coupled monostable multi- 
vibrator is similar to that for the collector-coupled circuit. When the 
circuit is designed for nonsaturated operation, a minimum Vce level must 
be selected, and h FE{ max) must be used in the calculations. 

A convenient arrangement for adjusting the output pulse width of 
an emitter-coupled monostable multivibrator is shown in Figure 8-7. V BX 
is adjusted by means of potentiometer R 2 . The circuit is designed so that 
the maximum level of V BX is less than the normal level of V B2 . When Q x is 
triggered on, the voltage drop at Q x collector and the charge on C, cause 
^B2 to be pushed below V'l. Q 2 remains off until C, discharge allows 
V Bl to rise above V BX again. The time for this to occur depends upon the 
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monostable multivibrator 




(b) Circuit for Q 2 on, Q x off (c) Circuit for Q x on, Qi off 

FIGURE 8-6. Emitter-coupled monostable multivibrator. 

actual voltage level of This time is also the output pulse width. Thus, 
control of V* provides pulse width control. 


EXAMPLE 8-3 

Design a nonsaturated emitter-coupled monostable multivibrator to op- 
erate from a 9 V supply. Transistor collector currents are to be 2 mA, and 
the transistors have h FE(max) = 70. Neglect the output pulse width. 
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PW control 



FIGURE 8-7. Emitter-coupled monostable multivibrator with 
PW control. 

solution 

Refer to Figure 8-6(b), showing Q 2 on. To avoid saturation, let V 
3 V. This leaves 


Let 


VrL2 + VrE - Vcc - ^CE2 

= 9V-3V = 6V 


V mF = 


R, 


3 V 
3 V 


I c 2 m A 


= 1.5 k ft (standard value) 


R, = Ym. ~ = l .5 kS2 


^(max) — 


1 Cl 


2 m A 


^FE( max) ^0 


28.6 mA 


n ^CC — 

r b = 7 

1 B2 


Vcc ~ (V E + 


C£2 “ 
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9 V - (3 V + 0.7 V) 

28.6// A 

= 185 k 12 (use 180 k!2 standard resistance) 

Refer to Figure 8-6(c), showing (?, on. Let / 2 = / c /10: 


/ = 2mA. = 0 2 mA 
2 10 
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The reasons for this are explained in Sec. 8-2. 
Vbx = Ve + = 3V + 0.7V 






= 3.7 V 
3.7 V 


0.2 mA 

18.5k 12 (use 1 8 k!2 standard value) 


Then L becomes: 


l 2 = 


Ybl = 3.7V 
/? 2 18 k!2 

= 0.206 mA 


/ - !si 
B] ' *££ 

2 mA 


70 


~ 28.6 //A 


R L2 + 


Ib i + / 2 

= 9V - 3.7V 
28.6 //A 4- 0.206 mA 

= 22.6 k!2 

/?, = 22.6 k!2 - R L2 

= 22.6 k!2 - 1.5 k!2 = 21.1 k!2 


(use 22 k!2 standard value) 


Now check V BE] when Q 2 is on. Refer again to Figure 8-6(b): 


208 


Chap. 8 MONOSTABLE AND ASTABLE MULTIVIBRATORS 


^CC ” ^ BE + Ie^E 

- Ib^B + V BE + Re(Ib + I C ) 

= ^ Kb + V„ + ( T~~ + A 


1 Ft 


Vrr ~ V BC = I, 


lr = 


^ + 1 


\_ 

^FE 


cc 


(Rb/^fe) + Re^/^FE + 1 ) 

= 9 V - 0.7 V 

(180 kft/70) + 1.5 kQ(l/70 + 1) 

~ 2.03 mA 


(Ri + R 2) 

~ 6V 
22 k 12 + 18 k!2 

= 0.15 mA 

I c + /, = 2.03 mA + 0.15 mA = 2.18 mA 
V C 2 — V cc ~ R L Uc ■+■ A) 

= 9 V - 1.5 kS2 (2.18 mA) 

K C j = 5.73 V 

y = v c 2 R 2 = 5.73 V x 18 kQ 
81 /?, + R 2 22 k 12 + 1 8 kS2 

~ 2.6 V 


and 


V E = (/, + I c )Re 
= (Ic/h FE + Ic)Re 

= (2.03 mA/70 + 2.03 mA) x 1.5 kQ 
~ 3.1 V 

^ BEt = Ksi + 

= 2.6 V - 3.1V = -0.5 V (C?,is 0 #) 
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EXAMPLE 8-4 - _ 

Determine the size of capacitor required if the circuit designed in Ex- 
ample 8-3 is to have PW = 250 ns. 

solution 

The initial capacitor voltage when Q 2 is on is: 


Taking the initial charge as negative, the final capacitor voltage when 
Qi is on is: 


Capacitor C, would eventually charge to E if Q 2 did not switch on again 
where 


This voltage is positive indicating that the capacitor voltage polarity is 
reversed from its initial state. 

From Example 8-2: 


E 0 = -(V cc - V B2 ) 
~ -(9 V - 3.7 V) 
= -5.3V 


= -(V cl - V B \ ) 
- -(6V - 3.7 V) 
= -2.3 V 


2 * 3 V 


C 



250 ms 


180 kfi In 


3 V -(-5.3 V) 


_3 V -(-2.3 V) 


= 3.1 x lO' 9 


^ 0.003 mF (standard capacitor value) 
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8-5 THE 1C OPERATIONAL 

AMPLIFIER AS A MONOSTABLE 
MULTIVIBRATOR 

An IC operational amplifier connected to function as a monostable multi- 
vibrator is shown in Figure 8-8(a). The inverting input terminal is 
grounded via resistance R 3 , and the noninverting terminal is biased above 
ground by resistances R ] and R 2 . Since the noninverting terminal has a 
positive input, the output is saturated near the V cc level. In Figure 8-8(b), 
it is seen that capacitor C, is normally charged positive on the right-hand 
side and negative on the left-hand side. 

When a large enough positive-going input is coupled to the inverting 
terminal via C 2 , the inverting terminal voltage is raised above the level of 
the noninverting terminal. The output then switches rapidly to approxi- 
mately ~ ( V EE ~ 1 V). This pushes the noninverting terminal down to 
— ( V EE ~ 1 V) - E 0 , thus ensuring that the output remains negative until 
Cj discharges. Cj begins to discharge via R x and R 2 as soon as the output 
goes negative. Eventually C, will charge positive on the left-hand side 
and negative on the right-hand side. When, the voltage on the left-hand 
side of C, rises above the voltage level at the inverting terminal, the non- 
inverting terminal again has a positive input. Now; V 0 rapidly returns to 
approximately ( ^cc ~ 1 V), and the circuit has returned to its original 
condition. 

The output voltage of the circuit moved from its normal level of 
( Vcc ~ ^ V) to a negative level -Wee ~ * V), and eventually returned to 
Wcc ~ 1 V). Thus a negative output pulse is generated when the circuit is 
triggered. The output pulse width depends upon C,, the values of R l and 
R 2 , and the bias level at the inverting terminal. 

Figure 8-9 shows a modification to the operational amplifier mono- 
stable circuit that facilitates pulse width control. Potentiometer R 4 pro- 
vides for adjustment of the bias level at the inverting input terminal. 
When the circuit is triggered, and the output becomes negative, the con- 
dition is maintained until Cj discharges sufficiently to allow the non- 
inverting input terminal to rise above the inverting terminal bias voltage. 
Thus, if the bias voltage at the inverting terminal is adjustable, the time 
during which the output remains negative can be controlled. Thus the 
output pulse width is adjustable. The presence of R 4 also affects the 
minimum input amplitude that will trigger the circuit. 

EXAMPLE 8-5 

Design a monostable multivibrator using a ^A741 operational amplifier 
w ith V C c = ±15 V. The circuit is to be triggered by a 1.5 V input spike, 
and the output pulse width is to be 200 ps. 
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- (a) Circuit and output of monostable 

multivibrator using IC operational amplifier 


^ + (K CC - 1 V) 


^-(V EE IV) 



1 V) 


(b) Charge on C x when 
output is positive 


(c) Initial conditions when 
the output goes negative 


FIGURE 8-8. Monostable multivibrator using 1C operational 
amplifier. 


solution 

To use a triggering input of 1.5 V, let 

V R2 = l V [See Figure 8-8(a).] 
Make/ 2 » l B . From the ^A74 1 data sheet in Appendix 1-1 1 , 
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FIGURE 8-9. IC monostable circuit with PW control. 


^fl(max) — 500 nA 


I 2 - 100 x 

= 100 x 500 n A = 50 pA 

R = Yri = 1 V 

2 / 2 50 m A 

= 20 k!2 (use 1 8 k!2 standard value) 


/ 2 becomes 


h 


I V 
1 8 kS2 


— 56 nA 

= Vcc~ Vr 2 = 15 V - 1 V 


14 V 
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R, = i*i 

li 

= — = 250 kS2 (use 270 kS2 standard value) 

56 ii A 

/? 3 = /?, || /? 2 = 18 k 12 || 270 kfi 

~ 16.9 k 12 (use 1 8 k 12 standard value) 

When V Q is positive, the initial charge on C, is 

E 0 = V R2 - V 0 

- Vr 2 ~ (Vcc ~ 1 V) 

~ 1 V - 15 V + 1 V 
^ -13 V 


When V Q is negative, the final charge on C, at switchover is 


^ + ( Vee - 1 V) 

= 4- 14V 

Charging voltage = E = V R2 - (-V a ) 
= IV + 14V 
= 15V 

Charging resistance = /?, || R 2 

= 18 k 12 || 270 kil 
~ 16.9 kil 





200 ns 


16.9 k S2 In 


15 V - (-13 V) 
15 V - 14 V 


= 3.55 x 10- 9 

= 0.00355 mF (use 0.0036 /zF standard value) 
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8-6 1C MONOSTABLE MULTIVIBRATOR 

Monostable multivibrators are available as single integrated circuit com- 
ponents. The MC951 /MC851, made by Motorola, is typical of such com- 
ponents. Operating from a 5 V supply, the unit provides two output 
pulses which are complementary. The outputs have an amplitude of ap- 
proximately 2 V, and are generated when a negative-going input signal is 
applied. Typically, the output pulse width is 100 ns, but can be extended 
by externally connecting an additional resistor and capacitor. 

The circuit of the MC951/MC851 is shown in Figure 8-10. Supply 
voltage and ground terminals are pins #14 and #7 respectively. Output 
terminals are pins #1 and #6. Four input terminals are provided; pin #5 
is a direct-coupled terminal, #2 is capacitor-coupled, and pins #3 and #4 
are diode- and capacitor-coupled. 

When no external components are employed, pin #9 is connected to 
Kcc* Then, the 9 kS2 resistance and 20 pF capacitance determine the 
output pulse width as approximately 100 ns. When an external capaci- 
tance is connected across pins #10 and #1 1 (i.e., in parallel with the 20 pF 
capacitance), the pulse width becomes: , 

PW ~ 4.5(C cxt + 20) ns 


where C cxl is in pF. 

With pin #9 open-circuited, an external resistance with a value be- 
tween 9 k 12 and 1 5 k 12 may be connected from pin #10 to Vcc- This is in 
addition to the external capacitor. The pulse width now becomes: 

PW - 0.5 R ext (C ext + 20)ns 
where R exl is in k 12 , and C cxt is in pF. 


8-7 ASTABLE MULTIVIBRATOR 

The astable multivibrator has no stable state. Instead, the circuit oscillates 
between the states, (0, on, Q 2 off) and (Q 2 on, Q x off). The output at 
the collector of each transistor is a square wave; therefore, the circuit is 
applied as a square wave generator. 

Consider the circuit of a collector-coupled astable multivibrator 
shown in Figure 8-1 1(a). Each transistor has a bias resistance R B and each 
is capacitor-coupled to the collector of the other transistor. This is similar 
to the arrangement of the normally on transistor in a monostable multi- 
vibrator. Consequently, each transistor in an astable circuit functions in 
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(6) (4) < 3 > 



Note: When the internal timing resistor (9 k£2) is to be used, 
connect Pin 9 to Pin 14 (flat and dual in-line packages) or 
pins 2 and 6 (can). Do not make this connection if using the 
external capacitor and resistor. 

Number at end of terminal represents pin number for flat 
and dual in-line packages. Number in parenthesis indicates 
pin number for metal can. 


FIGURE 8-10. MC951.MC851 IC monostable multivibrator. 

{Courtesy of Motorola, Inc.) 

the same way as the normally-on transistor in a monostable circuit. When 
Q ] is on and Q 2 is off, capacitor C, is charged to (V cc - V BE] ), positive 
on the right-hand side. For Q 2 on and Q x off, C 2 is charged to ( V cc - 
V be 2 )> positive on the left-hand side. 

Referring to the circuit waveforms in Figure 8-1 1(b), it is seen that 
prior to time transistor Q x is on and its collector voltage is K C£(sat) . 
Also, Q 2 is off, and its collector voltage is Krc- Thus, capacitor C, is 
charged to ( Vcc ~ V Ui ). At G, b ase voltage of transistor Q 2 rises 
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above ground causing Q 2 to switch on. The collector current ^C2 now 
causes Q 2 collector voltage to fall to K C£(sat) . Since C, will not discharge 
instantaneously, the base voltage of Q x becomes; 

V B \ = v c 2 “ (Charge on C,) 

= C c£(sal) — ( V cc — V BEA ) 


With its emitter grounded, and its base at - V cc , transistor Q x is 
biased off. Therefore, at time /,, the collector voltage of Q x raises to Vcc* 
The rise of K C1 is not instantaneous, because capacitor C 2 is charged via 
R Ll as Q x switches off. 

Between times t { and t 2 , the base voltage of Q 2 remains at and 
Q 2 remains biased on. During this time, however, C, discharges via re- 
sistance R bx . Therefore, the voltage at Q x base rises from -V cc toward 
Vcc* When Q x base rises above ground, the transistor begins to switch on. 
The falling collector voltage of Q x is coupled to Q 2 base via capacitor C 2 , 
thus causing Q 2 to switch off. As Q 2 turns 5 off its collector voltage rises, 
and C, is recharged via R L2 and Q x base. This pumps a large current into 
the base of Q { making it switch on very fast. Consequently, the collector 
voltage of Q x falls very rapidly at switch- 0 / 2 . The switchover process is re- 
versed when C 2 discharges sufficiently to allow Q 2 base to rise above 
ground. 

The output pulse width from either transistor is equal to the time 
during which the transistor is off. This is the time taken by the capacitor 
to discharge approximately from Vcc to zero volt. 


/ = CRln 



[Equation (2-8)] 


In this equation, 

/ = PW, C = C, = C 2 , R = R Bl = R B2 

and £, is equal to the supply voltage, V cc \ E 0 , the initial capacitor charge, 
is equal to - V cc . (Note this is taken as negative, because the capacitor 
would eventually charge with reversed polarity to approximately + Vcc 
transistor switchover did not occur.) 

The final capacitor charge at switchover, e c = OV. 
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Collector-coupled 
astable multivibrator 
circuit 



Waveforms for 
astable multivibrator 


FIGURE 8-11. Circuit and waveforms of collector-coupled 
astable multivibrator. 
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For 


PW = CR In 


^cc — 

(- fee)] 

1 

if 

1 

o 

1 


= CRIn 


2 Vr, 


= CRIn 2 
a* 0.69CR 


C = 0.1 nF and R„ = 100 kS2, 
PW = 0.69 x 0.1 nF x 100 kO 
= 6.9 ms 


and the output frequency is 


/ = 


1 

2 PW 


1 

2 x 6.9 ms 


~ 72.5 Hz 


EXAMPLE 8-6 

Design an astable multivibrator to generate a 1 kHz square wave. The 
supply voltage is 5 V, and the load current is to be 20^ A. 

solution 

The circuit is as shown in Figure 8-1 1(a). Make I c » (load current): 

I c = 100 (load current) 

= 100 x 20 ^ A = 2 mA 

Use 2N3904 transistors which, from the data sheet in Appendix 1-4, have 
a valueofA mmin) of70. 


R i — Krc/ /e 


5 V 
2 mA 


= 2.5 kS2 


(use 2.7 ki2 standard value) 
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and 


f 


fl(min) — 


Jc_ 

^FE( max) 

2 mA = 
70 

V„ - K 


28.6 fxA 


D r CC ~~ r BE 

R b = 7 

l B 

= 5 V - 0.7 V 

28.6mA 

= 150 kft (standard value) 

pw =f/ 


1 


2 x 1 kHz 


= 0.5 ms 


PW = 0.69 C ] R b 

C = PW = 0.5 ms 

1 0.69 R„ 0.69 x 150 kQ 

= 4.8 x 10- 9 

= 0.0048 juF (use 0.005 mF 

standard capacitor value) 


The circuit of Figure 8-12 shows several possible modifications to 
the simple astable multivibrator circuit of Figure 8-1 1(a). Each transistor 
has its base biased to approximately - V cc when off. Consequently, if 
Krc is greater than the maximum base-emitter reverse voltage, the transis- 
tors may be destroyed. Inclusion of diodes D t and D 2 (Figure 8-12), afford 
protection for the transistor base-emitter junctions, as explained in 
Sec. 8-1 . 

If C, and C 2 are not equal capacitors, one transistor will remain off 
for a longer time than the other one. In this case, the output is no longer 
a square wave, as the transistor with the largest capacitor at its base re- 
mains ^longest. The output frequency of the circuit may be made ad- 
justable by including a variable resistor ft, in series with one of the base 
bias resistors. In Figure 8-12, /?, controls the rate of discharge of capaci- 
tor C,; thus can be used to adjust the off - time of Q A . 
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Occasionally the frequency of an astable multivibrator has to be syn- 
chronized to some external frequency. Figure 8-12 shows a negative-going 
synchronizing spike input capacitor-coupled to the base of Q 2 . When the 
spike input is applied, Q 2 is switched off and C 2 is recharged to its maxi- 
mum voltage. Q 2 then remains off for its normal pulse width. 

One problem with the collector-coupled astable circuit is that it may 
not always start oscillating when the supply voltage is switched on. Be- 
cause of the circuit symmetry, it can happen that both transistors switch 
on and remain on. Oscillation can be started by shorting one of the tran- 
sistor bases to its emitter terminal for a brief instant. However, this 
usually is not practical. The emitter-coupled astable multivibrator circuit 
shown in Figure 8-13 solves the problem. In this circuit, when one tran- 
sistor begins to conduct, the other transistor has its emitter voltage raised 
and its base voltage reduced. Thus, it is almost impossible for the two to 
remain on at one time. 



FIGURE 8-12. Astable multivibrator with frequency control, 
synchronizing input, and diodes for transistor protection. 
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FIGURE 8-13. Emitter-coupled astable multivibrator. 

REVIEW QUESTIONS AND PROBLEMS 

8-1 Sketch the circuit of a collector-coupled monostable multivibrator. 
Sketch the waveforms and explain the operation of the circuit. 
Also explain the function of each component. 

8-2 A collector-coupled monostable multivibrator is to operate from a 
± 12 V supply. The transistor collector currents are to be 3 mA, and 
the transistors have h FE(mm) = 70. Neglecting the output pulse 
width, design a suitable circuit. 

8-3 Select suitable capacitors for the circuit in Problem 8-2 to give an 
output pulse of 330 ms. 

8-4 The monostable multivibrator designed for Problems 8-2 and 8-3 is 
to be triggered at 10 ms intervals between output pulses. Calculate 
the maximum size of the speed-up capacitor that may be employed. 

8-5 Sketch and explain the various methods of triggering a monostable 
multivibrator. For the multivibrator in Problem 8-2, design a trig- 
gering system using an additional transistor. The triggering input is 
a 3 V, 10ms pulse with a source resistance of 3.3 k 12. 

8-6 Sketch the circuit of an emitter-coupled monostable multivibrator. 
Carefully explain how the circuit operates. Discuss the relative ad- 
vantages and disadvantages of emitter-coupled and collector- 
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coupled monostable multivibrators. Show how the emitter-coupled 
circuit may be modified to provide pulse width control. 

8-7 Design a nonsaturated emitter-coupled monostable multivibrator 
to operate from a 12 V supply. The transistor collector currents 
are to be 2 mA, and the transistors have h FE{max) = 50. Neglect the 
output pulse width. 

8-8 Determine the size of capacitor required for the circuit in Prob- 
lem 8-6 to give an output pulse width of 300 fis. 

8-9 Sketch the circuit of a monostable multivibrator employing an IC 
operational amplifier. Explain how the circuit operates; also show 
how the output pulse width may be controlled. 

8-10 Design a monostable multivibrator using a mA741 operational am- 
plifier with Vcc = ±9V. The circuit is to be triggered by a 0.5V 
input spike, and the output pulse width is to be 300 ^s. 

8-11 An MC951/MC851 IC monostable multivibrator is to have an out- 
put pulse width of 2^s. Select suitable external components, and 
show how they should be connected to the circuit. 

8-12 Sketch the circuit of a collector-coupled astable multivibrator. 
Also sketch the waveforms of collector and base voltages. Care- 
fully explain how the circuit operates. 

8-13 Derive an expression for the output pulse width of an astable multi- 
vibrator. Design an astable multivibrator to have 5 kHz output 
square wave. The available supply is 9 V, and the load current is 
50/xA. 

8-14 Sketch the circuit of an astable multivibrator in which the output 
frequency may be adjusted. Also show how the multivibrator fre- 
quency may be synchronized with an external frequency. 

8-15 Sketch the circuit of an emitter-coupled astable multivibrator. Ex- 
plain its operation, and discuss its advantages compared to a col- 
lector-coupled circuit. 


Chapter 9 


Bistable Multivibrators 


INTRODUCTION 

The bistable multivibrator, also known as a flip-flop, is a switching cir- 
cuit with two stable states. The circuit can be triggered from one state to the 
other by applying an input voltage via a suitable triggering circuit. The 
triggering input may be applied to the collectors, bases, or emitters of the 
transistors. Bistable multivibrators can be either collector-coupled or 
emitter-coupled circuits. They are also available in integrated circuit form. 
Because of its application in computing systems, the bistable multivibrator 
is the most important of all multivibrator circuits. 


9-1 THE COLLECTOR-COUPLED 
BISTABLE MULTIVIBRATOR 

The collector-coupled bistable multivibrator circuit, shown in Figure 
9- 1(a) has two stable states. Either Q x is on and Q 2 is off; or Q 2 is on and 
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(a) Circuit of 

bistable multivibrator 



FIGURE 9-1. Collector-coupled bistable multivibrator circuit, 
and circuit condition when Q x is on and Q 2 is off. 


Q x is biased off. The circuit is completely symmetrical. Load resistors 
R u and R L1 are equal, and potential dividers (R l ,R 2 ) and R[, R' 2 ) form 
similar bias networks at the transistor bases. Each transistor is biased 
from the collector of the other device. When either transistor is on, the 
other transistor is biased off. 

Consider the condition of the circuit when Q x is on and Q 2 is off. 
With Q 2 off, there is no collector current flowing through R L2 . Therefore, 
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as shown in Figure 9- 1(b), R L2 , /?,, and R 2 can be treated as a potential 
divider biasing Q x base from V cc and - V BB . With Q x on in saturation, its 
collector voltage is F r£(sat) , and R[ and R 2 bias V B2 below ground level. 
Since the emitters of the transistors are grounded, Q 2 is off. The circuit 
can remain in this condition on, Q 2 off) indefinitely. When Q x is 
triggered off, Q 2 switches on, and remains on with its base biased via R Ll> 
R[, and R 2 . At this time, the base of Q { is biased negatively from Q 2 
collector. Thus, Q x remains off and Q 2 remains on indefinitely. The out- 
put voltage at each collector is approximately V cc . 

Capacitors C, and C 2 operate as speed-up capacitors to improve the 
switching speed of the transistors. However, in the bistable circuit, C, and 
C 2 are also termed commutating or memory capacitors. 

Consider the conditions when Q x is on and Q 2 is off. Capacitor C, is 
charged to the voltage across R x and C 2 is charged to the voltage across 
/?[. As will be seen when design of a bistable circuit is considered, the 
voltage across R x (at the base of the on transistor) is several volts greater 
than across R\ (at the base of the ^transistor). Therefore, when Q x is on, 
C, is charged to a voltage greater than the voltage on C 2 . Now, consider 
what occurs when the on transistor is triggered off for a brief instant. 
With both transistors off, both collector voltages are approximately at 
the level of V cc . Also, each base voltage becomes V B ^ V cc - (Charge 
on the capacitor at the transistor base). Since C 2 has a smaller charge 
than C,, V B2 is greater than V Bl . One transistor must begin to switch on, 
and the one with the highest base voltage switches on first. Thus Q 2 (the 
formerly o/f transistor) switches on before Q x and, in doing so, it biases 
Qx off. Once switchover occurs, C 2 becomes charged to a greater voltage 
than C,. 

It is seen that the charge on the capacitors enables them to “remem- 
ber” which transistor was on and which was off, and facilitates the circuit 
changeover from one state to another. 


9-2 DESIGN OF A COLLECTOR- 
COUPLED BISTABLE 
MULTIVIBRATOR 

Design of a bistable multivibrator commences with a specification of 
supply voltage and load resistance. Alternatively, the output current may 
be specified, or I c may simply be specified as a level much larger than the 
output current. As in the case of the monostable and Schmitt circuits, 
the bias resistances /?, and R 2 must be chosen small enough to provide a 
stable bias level, and large enough so that they do not overload R L . The 
rule-of-thumb that (bias current) / 2 — to /c again can be applied, and the 
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circuit design procedure is then fairly simple. When the value of R L is 
calculated, the next larger standard resistance should be selected. This 
will ensure sufficient voltage drop across R L to have the transistor in sat- 
uration. The bias resistances should be selected as the next standard resis- 
tance size that is smaller than that calculated. This will provide slightly 
more base current than required for saturation. 

The voltage on the commutating capacitors must not change sig- 
nificantly during the ium-off time of the transistors. If the capacitors are 
allowed to discharge by 10% of the difference between maximum and 
minimum capacitor voltages, Equation (2-10) may be applied. 


therefore, 


t = 0.1 CR [Equation (2-10)] 


= *(pfl> 
0.1 R 


In this case, C = C, = C 2 and / (ofr) is the iurn-off time for the tran- 
sistors; R is the resistance “seen” looking into the terminals of R l or R[. 
With one transistor on, the minimum value of R approximates R,||R 2 - 
This gives 


C, = C 2 


0.1(*,ll* 2 ) 


(9-1) 


As for other switching circuits, the presence of capacitors limits the 
maximum frequency at which the bistable circuit may be triggered. To de- 
termine the maximum triggering frequency, the recovery time for the 
capacitors must be calculated. This is the time for the capacitors to dis- 
charge from maximum voltage to minimum voltage, or vice versa. The 
maximum triggering frequency is then calculated as 1 /(recovery time). 
Using Equation (2-9), the recovery time is calculated as: 


t re = 2.3 CR [Equation (2-9)] 

where again R = (/?, || R 2 ) and maximum triggering frequency is: 


fm 


1 

2.3 C(/?, || R 2 ) 


(9-2) 


EXAMPLE 9-1 


Design a collector-coupled bistable multivibrator to operate from a ±5 V 
supply. Use 2N3904 transistors, with I c = 2 mA. 
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solution 

Refer to Figure 9- 1(b): 


^c£(sat) = 0.2 V (typically) 

R l ~ ^cE j s at) (j e neglecting /,) 

A: 

5 V - 0.2 V 
2 mA 

= 2.4 k!2 (use 2.7 kf2 standard value) 


From the 2N3904 data sheet in Appendix 1-4, h FE{min) = 70, so 


/ 


£(min) 


/c 

^E£(min) 


2 mA 
70 


28.6 mA 


With 6W, 


^£2 ~ ^££1 ^££ 

= 0.7V- (-5V) = 5.7V 

/, ~ — I c = ^ 55 ^- = 200 nA 
2 10 c 10 

R = Y*1 = 5 - 7V 
2 / 2 . 200 

= 28.5 kO (use 27 k!2 standard value) 

Now / 2 becomes 


= 211 /xA 

= V C C ~ ^£E 

^2 + Ib 

5 V - 0.7 V 
211 mA + 28.6 m A 

= 17.9 kO 


/? L2 + R\ 
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^1 “ (Rl2 + ^i) - Rli 
= 17.9 k 12 - 2.7 k!2 
= 15.2 k!2 (use 15 k!2 standard value) 


A nalysis. 


Vet on) = ^C£(sat) = 0.2 V 

^C(off) = ^CC — ^ RL2 (f° F Q2°ff) 

Voltage across (R L2 + R , ) - ^CC — 

= 5 V - 0.7 V = 4.3 V 


RL2 


— ( y cc ~ Vbe\ ) x 


R, 


R ] 4 * /? L2 


.... 2.7 kO 

4.3 V x 

15 k!2 + 2.7 k!2 

T- 


0.66 V 


F C(off) = 5 V - 0.66 V = 4.34 V 

^(off) = ^C£(sat) “ V R'\ (f° r Q2 °Jf ) 

Voltage across (/?,' + /? 2 ) = V CE{ sat) - ^ 

= 0.2 V - (-5 V) 
= 5.2 V 


^ K'l “ ( ^Cf(sat) — ^ Bb) X "^7" * 


^ 1+^2 


= 5.2 V x 


15 k!2 


15 k!2 + 27 k!2 


= 1.86 V 


V B(oK) = 0.2 V - 1.86 V = -1.66 V 


Figure 9-2(a) shows the bistable circuit as designed in Example 9-1, 
with resistor values and voltage levels indicated. 

In Figure 9-2(b) a bistable circuit using 2N3906 pnp transistors is 
shown. The circuit design is exactly the same as for the npn circuit, except 
that all voltage polarities and current directions are reversed. 




FIGURE 9-2. Bistable multivibrator circuit designed in Example 
9- 1 , using npn transistors and using pnp transistors. 
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9-3 EMITTER-COUPLED BISTABLE 
MULTIVIBRATOR 

The emitter-coupled bistable multivibrator circuit (Figure 9-3) is the same 
as the collector-coupled circuit, except that an emitter resistor R E has been 
added. Load resistors R u and R L2 are equal, as are capacitors C, and C 2 , 
and potential dividers (/?,, R 2 ) and (/?|, R 2 ). 

The presence of R E allows the circuit to be operated from a single 
polarity supply. The emitter resistor also limits the collector current of 
the on transistor to any desired level, so that the transistor may be sat- 
urated or unsaturated. 

Figure 9-4(a) shows the circuit conditions when Q x is on and Q 2 is off. 
Resistors R L2 , /?,, and R 2 form a potential divider which biases Q ] base. 
Q 2 base is then biased from Q x collector, via R[ and R 2 . To analyze the 
circuit, potential divider R Ll , /?,, and R 2 must be replaced with its open 
circuit output voltage (at Q x base) and its internal resistance. As shown 
in Figure 9-4(b), the open circuit output voltage of the potential divider is, 
V B - VccRil(R\ + ^2 + Rli)- the resistance of the potential 

divider, as “seen” from the transistor base isi R B = /? 2 ll(^i ■+■ Rli)' 



FIGURE 9-3. 


Emitter-coupled bistable circuit. 
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(a) Q ] on, Q 2 off 



(b) and R 2 replaced 

by their equivalent circuit 

FIGURE 9-4. Equivalent circuits for analysis of emitter-coupled 
bistable multivibrator. 
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In designing a nonsaturated emitter-coupled bistable circuit, the 
voltage drop across R E must be made several times the base-emitter 
voltage of the device. This is necessary to maintain reasonably stable bias 
conditions. A minimum V CE of about 3 V should be designed into the 
circuit in order to avoid device saturation. A good rule-of-thumb is to 
divide (V cc - V CE ) equally between V RL and V RE . Also to avoid satura- 
tion, the maximum transistor h EE must be employed in the design calcula- 
tion. When R l is calculated, the next smaller standard value should be 
selected, again to avoid saturation. /?, and R 2 must also be carefully 
chosen with nonsaturation in mind. As with other multivibrator circuits, 
bias current / 2 should be made approximately jq I c . This is to ensure that 
R { and R 2 are small enough to provide a stable bias voltage, but not so 
small that they will overload R L . 

EXAMPLE 9-2 

Design a nonsaturated bistable multivibrator circuit using transistors with 
h FE{m in) = 100 and h FE{max) = 400. The supply voltage is 12 V, and I c is to 
be 1 mA. £ 

solution 

The circuit is as shown in Figure 9-3. Let 
Vce = 3 V 

Vcc - Yce = 12V - 3 V = 9V 

V RL ~ 4.5 V and V RE ~ 4.5 V 

R = Vrl = 4.5 V 
L I c 1 mA 

= 4.5 k 12 (use 3.9 kil standard value) 

Vrl - Ic ^L 

= 1 mA x 3.9 kil = 3.9 V 
V re = v cc — V RL — V CE 

= 12 V - 3.9 V - 3 V = 5.1 V 

Therefore, 

R, 

l c 1 mA 

= 5.1 kt2 (use 4.7 k 12 standard value) 
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now 


V RE — l C R E 

= 1 m A x 4.7 k 12 = 4.7 V 


and 


Let 


and 


^b( on) - Vre 4- V B e 

= 4.7 V + 0.7 V = 5.4 V 


I 2 = _L / = o.l mA 
2 10 c 


Vr 2 = ^(on) = 5.4 V 


r _ v fl(on) 


Now, 


= 5.4 V 

0.1 mA 

= 54 k!2 (use 47 k!2 standard value) 


y 

1 _ Y B{o n) 

'■ “«r 


5.4 V 
47 kft 


115/xA 


Vai + ^ 


CC — ^fl(on) 


12 V - 5.4 V = 6.6 V 


and 


Ib = 


/r 


ri FE(max) 

1 mA 
400 


= 2.5 /I A 


r> . D ^CC “ ^fl(on) 

*’ + s < ‘ ~i7TT, 

6.6 V 


1 1 5 m A -I- 2.5 n A 


= 56.2 kS2 
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R , = 56.2 kQ - R l 
= 56.2 k 12 - 3.9 kQ 

= 52.3 kQ (use 56 kfi standard value to avoid saturation) 


EXAMPLE 9-3 — 

Analyze the circuit designed in Example 9-2 to determine collector, base, 
and emitter voltages for the on and off transistors. Make the analysis 
(a) using maximum values of h FE and (b) using minimum h FE . 

solution (a) 

Refer to Figure 9-4(b): 

y = VccRi 

B R t + R 2 + R L2 

= 12 V x 47kQ 

56 k 12 + 47 kQ + 3.9 kft 

= 5.28 V 

R b = *2 ll(*. + *«) 

= 47 k 12 || (56 kfi + 3.9 kfi) 

= 26.3 kQ 

^B ~ Ib^B + ^BE + 

— I B R B + F BE + ReUb + Ic) 

— Ib^b + K be + ^e(^s + ^fe^b) 

l = V JL - V " 

Rb 3 " 3 " h fe ) 


For — 400: 


/ = 5.28 V - 0.7 V 

8 26.3 kG + 4.7 kfi(l + 400) 

= 2.4 /i A 


I r — h FF I R 


= 400 x 2.4 /i A = 0.96 mA 
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~ ReUb + I C ) 

= 4.7 k!2(2.4/x A + 0.96 mA) 
~ 4.5 V 


i/ rv r/ / /? 

K fl(on) V B *B n B 

= 5.28 V - (2.4 m A x 26.3 kfl) 
= 5.22 V 


C(on) 


= Krc - RlUc + /.) 


and 


/, = 


r C(on) 


/?, + r 2 

V« on) = ^CC - /?L 

^C(on) 


/r + 


r C( on) 


/?, -f /? 2 _ 


C(on) 


r C(on) 


1 + 


R\ 4- /? 2 


/?, 4- R 2 


— Vcc ~ RJc 


- Vcc ~ RJc 


K:c ~ RJc 


r C( on) 


1 + 


Rl 


R I + ^2 


12 V - (3.9 k 12 x 0.96 mA) 
3.9 k 12 


1 + 


= 7.95 V 


56 k!2 4- 47 left 


VcE ~ Kr( on) — 

= 7.95 V - 4.5 V 

= 3.45 V (the device is not saturated) 


r C(off) 


= Vcc - RJh + h) 


u = 


r fl(on) 

Ri 

5.22 V 

47 k 12 


= 1 1 1 m A 
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I 2 + I B = 

^C(ofT) = 


Ks(off) _ 


111 mA + 2.4 nA 
113.4mA 

12V - 3.9 kfl (113.4 mA) 
1 1.6 V 


IX R 2 

C(on) X R , + /? 2 

47 k 12 


7.95 V x 


56 kS2 + 47 kft 


3.6 V 


For the off transistor, 

^BE( off) = Vb( off) _ 

= 3.6 V - 4.5 V 

= -0.9 V (the transistor is biased off) 

solution (b) 

For h FEimin) = 100: 

/ _ — V BE 

Rb + Re( I + 

5.28 V - 0.7 V 
26.3 k!2 4- 4.7 kO(l 4- 100) 

= 9.1 mA 

I c = ^fe^b 

= 100 X 9.1 mA = 0.91 mA 
V E = ReUb + /c) 

= 4.7 kS2(9. 1 >lx A 4- 0.91 mA) 

~ 4.3 V 

Ffi(on) = ^ B ~ l B^B 

= 5.28 - (9.1 /xA X 26.3 kS2) 

= 5.04 V 
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C(on) 


V cc — Rl^c 

R. 

1 + 


R x + R 2 


12 V - (3.9 k 12 x 0.91 mA) 
3.9 k 12 


1 + 


56 kil + 47 kit 


= 8.14V 

V C E = ^C<on> - K: 

= 8.14V - 4.3V 

= 3.84 V (again, the device is not saturated) 

^C(otT) = Krc — ^ L (I 2 + 1b) 

■ Vcc - (*} * '■) 

- l2v - 3 ' 9kfl («sl + 9 ' l ' ,A ) 

= 11.54V 

V - V x - 
K fl(off) - y C(on) A R X R 1 

o ! „ w 47 k 12 

= 8.14V x 

56kf2 + 47 k 12 


= 3.71 V 


For the ^’transistor, 

VbE( off) = ^S(off) “ 

= 3.71 V - 4.3 V 

= -0.59 V (the transistor is biased off) 


9-4 COLLECTOR TRIGGERING 

Bistable multivibrator triggering circuits normally are designed to turn 
off the on transistor. The triggering may be asymmetrical or sym- 
metrical . In asymmetrical triggering, two trigger inputs are employed, 
one to set the circuit in one particular state, and the other to reset to the 
opposite state. This process is sometimes referred to as set-reset trigger- 
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ing . Symmetrical triggering uses only one trigger input, and the state of 
the circuit is changed each time a trigger pulse is applied. 

Refer to the asymmetrical collector trigger circuit shown in Fig- 
ure 9-5, and assume that Q x is on and Q 2 is off. With Q 2 off, the voltage 
at its collector is approximately The negative-going step input, 

coupled via C 3 , forward-biases D x and pulls its cathode down by AV. 
At this time, D 2 is reverse-biased by the negative-going input and has no 
function to perform. The anode of D x is pulled down by A V - V Dl ; 
that is, by AV minus the diode forward voltage drop. Thus, Q 2 collector 
voltage is changed from approximately V cc to [ V cc - (AV — V DX )\. 
See the waveforms in Figure 9-5. Capacitor C,, which does not dis- 
charge instantaneously, acts initially like a battery. Consequently, the 
voltage change at Q 2 collector also appears at Q x base. Q x base voltage 
initially is V BE (with Q x on) and it falls by AV - V DX . Thus the input 
voltage at C 3 causes the base of Q x to be pushed below the level of its 
emitter voltage. 

When the step input is applied, C 3 immediately starts to charge via 
/ 2 (the polarity is shown in Figure 9-5). Both collector and base voltages 
rise from their minimum levels, as shown. To ensure that Q x switches off, 
its base voltage must remain below the emitter voltage level for the tran- 
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FIGURE 9-6. Symmetrical collector triggering. 

sistor turn-Oj^ time / (off) . This may be achieved by use of a large value 
coupling capacitor for C 3 . However, it is best to choose C 3 as small as 
possible. The smallest suitable capacitor is one that will allow V B to rise 
to the level of the emitter voltage during the transistor turn-Oj^ time. The 
waveforms of Figure 9-5 show that V B x rises to ground level during / (ofT) . 

When the triggering input becomes positive, returning to its nor- 
mal dc level, D x is reverse-biased and the state of the bistable circuit is 
unaffected. The charge on C 3 which resulted from the negative-going 
input remains until the trigger input becomes positive. D 2 is then 
forward-biased by the capacitor charge, and C 3 is rapidly discharged 
via D 2 . The triggering circuit now is ready to receive another negative- 
going input. However, with Q x already off, the state of the circuit will 
not be altered by a triggering input via C 3 . Instead, Q 2 must be 
triggered off by an input applied to C 4 . 

Symmetrical collector triggering is shown in Figure 9-6. With 
Q x on and Q 2 off, I c flows through R LX causing V cx to be approxi- 
mately zero volt. Also, V C2 is approximately ^ cc • The amplitude of 
the negative-going trigger input does not exceed the voltage drop across 
R l ( i.e ., less than Yccl so that diode D 3 does not become forward- 
biased. However, diode D x is forward-biased by the negative-going 
input, as has been explained. Thus, (9, base is pushed down exactly as 
discussed for asymmetrical triggering and Q x is turned off. With Q x off, 
V c\ rises to approximately ^cc and ^C2 drops to near zero. The next 
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negative-going input forward-biases D 3 and causes Q 2 base to be pushed 
below its emitter level. Hence, Q 2 switches off and the circuit returns to 
its original state. 

It is seen that the circuit changes state each time a negative-going 
trigger voltage is applied. D 2 functions as before, becoming forward- 
biased and discharging C 3 each time the input returns to its upper level. 
A resistor could function in place of D 2 , but it would load the trigger 
signal and would take a relatively long time to discharge C 3 . 

The design of collector triggering circuits mainly involves deter- 
mination of the smallest suitable coupling capacitor. The allowable 
change in voltage at the base of the transistor to be switched off dictates 
the voltage through which the coupling capacitor may be charged. 

Refer to Figures 9-5 and 9-6 again. Note that when the trigger 
voltage pulls the collector of Q 2 down to near ground level, capacitor C\ 
begins to discharge via R x || R 2 . As already explained in Sec. 9-2, the com- 
mutating capacitor voltage should not be allowed to discharge by more 
than 10% of the difference between maximum and minimum capacitor 
voltages. Equation (9-1) can be applied to calculate C, and C 2 . 

»- 

EXAMPLE 9-4 - 

The saturated collector-coupled flip-flop designed in Example 9-1 is to be 
triggered by the collector output of a previous similar stage. Design a 
suitable symmetrical collector triggering circuit. 

solution 

The waveforms of the triggering voltage as it appears at various points in 
the circuit are shown in Figure 9-7. From Example 9-1, the collector 
voltage of the flip-flop changes from 4.3 V to 0.2 V. This change is used as 
an input triggering voltage (see Figure 9-7). 


V. = 4.3 V - 0.2 V = 4.1 V 

At the diode cathodes, 

A V K ~ 4.1 V 
A V C2 = A V K 
= 4.1 V 
A V B \ = A V C 2 


- Vd\ 

- 0.7 V = 3.4 V 
= 3.4 V 
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FIGURE 9-7. Triggering voltage waveforms for symmetrical 
collector triggering design. 

To keep V Bl < V E during / (off) : . 

A V = AV B \ - V BE 

= 3.4 V - 0.7 V = 2.7 V 

C 3 can charge by 2.7 V during t {offy 
For C 3 : 

Initial voltage = E 0 ^ 0 V 
Final voltage = e c oz AK = 2.7 V 
Charging voltage = E = AK,— K,,, = 3.4 V 
Charging resistance ~ R L = 2.7 kS2 
Turn-Oj^time (for 2N3904) = / (ofT) = 250 ns 
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From Equation (2-8): 



250 ns 


2.7 kft x In 
~ 59 pF 


3.4 V - 0 
3.4 V - 2.7 vy 

(use 62 pF standard value) 


The diodes required for the triggering are low-current devices 
capable of surviving a peak inverse voltage greater than V cc . 1N914 
diodes are more than adequate (see the data sheet in Appendix 1-1). 


EXAMPLE 9-5 

T- 

Determine the value of suitable commutating capacitors for the flip-flop 
designed in Example 9-1 when collector triggering is employed. Also 
calculate the maximum triggering frequency for the circuit. 

solution 

By Equation (9-1), 

c, = Cj = ^52 

o.i (*,!*,) 

= 250 ns _ 259 p F (use 270 pF standard value) 

0.1(15 kft || 27 k$2) 

By Equation (9-2), 


/< 


(max) 


l 

2.3 C(/?i || R 2 ) 


I 

2.3 x 270 pF ( 1 5kS2 1| 27 kfi) 


= 167 kHz 
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9-5 BASE TRIGGERING 

Base triggering circuits are subdivided into asymmetrical base triggering, 
symmetrical base triggering, and collector-steered base triggering circuits. 
The first two of these are shown schematically in Figure 9-8. In Figure 
9-8(a), a negative-going input coupled via C 3 forward-biases D ] and pulls 
Q 2 base below its emitter voltage level. C 3 charges via R Ll (C 2 by-passes 
RI) and allows the base voltage to rise to ground over a time period equal 
to the transistor turn -off time. C 3 is discharged via D 2 when the input be- 
comes positive to return to its normal dc level. 

In Figure 9-8(a), the negative-going input to C 3 can only switch Q 2 
off . To turn Q x off, a negative-going input must be coupled via C 4 and Z) 3 . 
Positive-going inputs at either terminal reverse bias D x or Z) 3 and have no 
effect on the bistable circuit. 

For the symmetrical base triggering circuit in Figure 9-8(b), D 2 is 
common and the input is applied to the common cathode terminal of Z) 3 
and Z),. If Q x is off, its base voltage is biased negatively with respect to 
ground. Thus, if the input signal is kept small enough, Z) 3 does not be- 
come forward-biased. Q 2 base is at V BE with respect to ground (with Q 2 
on ), so that the negative-going input forward-biases D, and pulls the tran- 
sistor base below its emitter level. When Q 2 is off and Q A is on, Z) 3 is 
forward-biased by the triggering input, and Z), remains reverse-biased. 
D 2 becomes forward-biased only when the input becomes positive. At 
this time, C 3 is discharged. 

The amplitude of the trigger input to the symmetrical base triggering 
circuit is very critical. The input must be greater than 0.7 V in order to 
switch off the on transistor. If the base voltage of the off transistor is, say, 
— 1.5 V, then the input voltage should be less than 1.5 V to avoid affecting 
the off transistor. The collector-steered base triggering circuit overcomes 
the problem of critical triggering amplitude. 

In the collector-steered base triggering circuit, shown in Figure 9-9, 
diode D 2 has its anode connected to Q 2 base and its cathode connected 
via steering resistance R' s to Q 2 collector. Similarly, the anode of Z), is 
connected to Q A base, and the cathode is connected via R s to Q x collector. 
The common triggering signal is applied to Z), and D 2 cathodes via sepa- 
rate capacitors C 3 and C 4 , respectively. 

Consider the circuit conditions for Figure 9-9 when Q x is off and Q 2 
is on. With Q x off, the voltage at its collector is approximately V cc . There- 
fore, the cathode of Z), is approximately at V cc . In this case, triggering 
inputs with amplitude less than V cc will not forward-bias Z),. Since Q 2 is 
on, its collector voltage is F Cf(sal) above ground level; consequently the 
cathode of D 2 is at K C£(sal) . A negative-going trigger input with an ampli- 
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FIGURE 9-8. Asymmetrical and symmetrical base triggering. 


tude of a few volts will forward-bias D 2 and pull the base of Q 2 below 
ground. Thus, to cause the circuit to correctly change state, the trigger 
voltage amplitude can have a value anywhere between about 2 V and Ycc- 
Now consider the triggering waveforms shown in Figure 9-9. When 
the input changes negatively by A V, the voltage at the cathode of D 2 falls 
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FIGURE 9-9. Collector-steered base triggering circuit and wave- 
forms when Q 2 is initially on. 


by A V from its initial level of U C£(sat) (i.e., when Q 2 is on). Q 2 base 
voltage is pulled down from V BE to (^ (min) + Vdi ). H Qi base rises hy 
AV B2 to ground level, C 4 charges by (U A(min) + V D2 ) during the transistor 
turn-o#' time. Since the voltage on commutating capacitor C 2 should 
change very little during / (ofT) , C 2 may be regarded as a short circuit. Con- 
sequently, is shorted out and the charging resistance for C 4 becomes 
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R li 1 1 R'i 1 1 R’ s , which is approximately equal to R L . To find the charg- 
ing voltage, it is necessary to assume that Q x remains off, and that C 2 be- 
haves as a short circuit, while C 4 continues to charge via R L . In this case, 
C 4 would charge toward +(V C c ~ V 02 ) on the LHS and V t minimum on 
the RHS. In Figure 9-9, note that when the triggering voltage is applied, 
V KX falls by AV from approximately V cc . Thus, D x does not become 
forward-biased. 

For collector-steered base triggering (Figure 9-9), R s should be se- 
lected much larger than R L . This is to ensure that R s does not constitute 
a significant load on R LX and R L2 . When Q 2 base voltage is pulled down 
by the input trigger voltage, commutating capacitor C 2 commences to 
charge via R L . Since Q 2 is to be switched off, C 2 voltage can be allowed 
to increase slightly. However, the charge on C x (at the base of the tran- 
sistor that is to switch on) should not change significantly. Once again 
Equation (9-1) applies. 

EXAMPLE 9-6 

Design a collector-steered base triggering circuit for the flip-flop designed 
in Example 9-1. The trigger input is to be the collector output from a 
previous similar stage. 

solution 

From Example 9-1, the collector output voltage from a previous flip-flop 
is 4.3 V to 0.2 V. 

Refer to Figure 9-9. 


At D 2 cathode, 


AV » 4.3 V - 0.2 V = 4.1 V 


^(min) — K:£(sat) A V 

= 0.2 V - 4.1 V 
= -3.9V 

^02(min) = A V B 2 ~ ^A(min) + Vp 2 

= - 3.9 V + 0.7 V = -3.2 V 


With K 2 at F Cf(sat) , and V t at 4.3 V, the initial charge on C 4 is 


E 0 - 0.2 V - 4.3 V = -4.1 V (negative on LHS) 
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With at 0.2 V and Q x off, the charging voltage E to C 4 is 

E = V CI - V 02 - ^C£(sat) 

= 4.3 V - 0.7 V - 0.2 V = 3.4 V (positive on LHS) 


The final voltage e c on C 4 , after time f (off) , is 


e c ~ E o A ^ 2 (min) 

= _4.1 V - (-3.2 V) 

= 0.9 V (negative on LHS) 
Charging resistance ^ R L = 2.7 k!2 
Tum-Oj^time = f (off) = 250 ns 


From Equation (2-8), 


Thus, 


C 4 



- (~4.1 V)\ 

- (-0.9 V)/ 


C 3 = C4~ 166 pF (use 180 pF standard value) 


Since R s » R t , take 


R s = 10 x R l 

= 10 x 2.7 kO = 27 kil 


9-6 EMITTER TRIGGERING 

The simplest triggering method of all is provided by capacitor-coupling a 
positive-going input signal to the common emitter terminal of an emitter- 
coupled bistable circuit. Figure 9-10 shows the emitter triggering method. 
The positive-going voltage pushes the emitter above the level of the bias 
voltage at the base of the on transistor. Thus, the on transistor is switched 
off, and the charges on the commutating capacitors dictate that the for- 
merly off transistor be switched on. 
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Emiltei 

voltage 


For the emitter-coupled circuit analyzed in Example 9-3, the levels of 
base and emitter voltages are shown in Figure 9-10. K B(off) is less than 
V B ( on). Consequently, when the transistor emitters are raised by the trig- 
gering voltage the reverse bias at the base of the off transistor is greater 
than that at the on transistor. A typical maximum reverse base-emitter 
voltage for most transistors is 5 V. Therefore, the triggering voltage 
should not push the emitters above (K fl(off) + 5 V). The triggering voltage 
must keep the base-emitter of the on transistor reverse-biased for the dura- 
tion of the transistor Xuxn-off time to effect switch-q^f This can be ac- 
complished by raising the emitter voltage by A F, and allowing it to fall to 
Ffl(on) during / (off) (see the waveforms in Figure 9-10). The fall in the emit- 
ter voltage is due to capacitor C 3 charging via R E . 


EXAMPLE 9-7 

Design an emitter triggering circuit for the bistable multivibrator designed 
in Example 9-3. Take the transistor turn-q/Hime as 300 ns. 

solution 

From the circuit analysis in Example 9-3: 

^fl(on) — 3.2 V (maximum) 

^(off) ~ 3.6 V 
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V E ~ 4.5 V 
>W) = 3.6 V 
y E{m ax) < (3.6 + 5 V) 

^cm.x) < 8.6 V 

This restriction on F £(max) is made to avoid a reverse V BE in excess of 5 V. 
A reverse bias of 2 V at the on transistor will drive F £(max) to (F fi(on) + 
2 V), that is, to (5.2 V + 2 V) = 7.2 V. This satisfies the requirement that 

^(max) < 8.6 V. 

To reverse bias V BEAon) by 2 V, V E must rise from 4.5 V to 7.2 V, 
that is. 


AV = (7.2V - 4.5V) = 2.7V 

V E can be allowed to fall to V B{on) during the transistor turn -off time. That 
is, AV E = 2 V during r (off) . 

From Equation (2-8): 



6off) = 300 ns 
R = R E = 4.7 kS2 
E = AV = 2.7 V 
Eo = Ve = -4.5 V 


(positive on RHS) 
(negative on RHS) 


The initial charge on C 3 when the input is zero volts is E 0 = -4.5 V, 
which is negative compared to E. 


e c = E 0 + A V E 

= -4.5 V + 2V = -2.5 V 


C 3 


4.7 kS2 In 


300 ns 

/2.7 V + 4.5 V \ 
\2.7 V + 2.5 V/ 


~ 197 pF (use 200 pF standard value) 
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9-7 1C FLIP-FLOPS 

When used as a logic element, the bistable multivibrator usually is termed 
a flip-flop. Flip-flops are available as integrated circuits in a wide variety 
of forms and combinations. Logic symbols for the various types of flip- 
flops are shown in Figure 9-11. 

9-7.1 T Flip-Flop 

The toggle, or T, flip-flop is simply a flip-flop that is symmetrically trig- 
gered by an input to one terminal. Any one of the symmetrically trig- 
gered bistable multivibrators already studied could be employed as a T 
flip-flop. The logic symbol for the toggle flip-flop is shown in Fig- 
ure 9-1 1(a). The T terminal is the triggering input terminal, and the out- 
put terminals are the transistor collectors. The / and 0 at the outputs 
identify one particular state of the flip-flop. Logic 1 may indicate a posi- 
tive voltage, and logic# a zero voltage level. 


(a) T flip-flop 


(b) RS flip-flop 


(c) RST flip-flop 


(d) JK flip-flop 



FIGURE 9-11. 


Logic symbols for various types of flip-flops. 
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FIGURE 9-12. Reset-set flip-flop with addition of toggle circuit 
(broken lines). 


9-7.2 RS Flip-Flop 

The reset-set, or RS, flip-flop illustrated in Figure 9- 11(b) could have a 
circuit similar to the asymmetrically triggered flip-flop in Figure 9-5. Pre- 
vious consideration of that circuit showed that it can be triggered into one 
particular state {i.e., it could be set) when a trigger voltage is applied to 
one input terminal. Also, it can be triggered (or reset) into the opposite 
state by a voltage applied to the other input terminal. Another name for 
the RS flip-flop is set-clear, or SC, flip-flop. 

A better illustration for an RS flip-flop is the circuit of Figure 9-12. 
In this circuit, the reset-set function is performed by transistors Q z and Q 4 . 
Terminals /, 2, S , and R correspond with the logic diagram terminals in 
Figure 9-1 1(b). It is assumed that logic / represents a positive voltage 
level, and that logic 0 represents approximately zero volts. When both in- 
puts are at 0, both triggering transistors Q 3 and Q 4 are off, and the flip-flop 
could be in either state. When a 1 input is applied to terminal 5, tran- 
sistor (? 3 is biased on into saturation. This causes Q 2 collector to be pulled 
down; consequently Q x is biased off via R x and R 2 , and Q 2 switches on 
into saturation. The output at terminal l (from 0, collector) is now a 
positive voltage, i.e., logic /. The output at terminal 2 (from Q 2 collector) 
is near zero volt, or logic 0. The flip-flop is now in set condition, and this 
was obtained by applying a / input to terminal S , the set terminal. 
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If a 0 input is applied to terminal S, the circuit remains set . Also 
further 1 inputs to terminal S do not affect the set condition of the flip- 
flop. A 1 input to terminal R , the reset terminal, switches Q 4 on. This 
pulls the collector of Q ] down, biasing Q 2 off (via /?,' and R 2 ) and switch- 
ing Q\ on. The output is now 0 at terminal l and l at terminal 2, and 
the circuit is said to be reset. To return to the set condition, l must be 
applied to the S input while the R input is at 0. 

9-7.3 RST Flip-Flop 

A reset-set-toggle, or RST, flip-flop is one that combines the triggering 
facilities of a T flip-flop with the reset-set arrangement of an RS flip- 
flop. Another name sometimes used for the RST flip-flop is set-clear- 
toggle (SCT ) flip-flop. The symmetrical collector triggering circuit, shown 
with a broken line in Figure 9-12, converts the RS flip-flop to an RST cir- 
cuit. The combination allows the toggle function only when both set and 
reset inputs are at 0. With a 1 at S, the circuit remains in set condition, 
and the flip-flop cannot toggle. Similarly, with a / at R y the flip-flop re- 
mains in reset condition. Figure 9-1 1(c) shows the logic diagram for the 
RST flip-flop. 

9-7.4 JK Flip-Flop 

The JK flip-flop is similar to the RST flip-flop in that it has a toggle input 
as well as set and reset inputs. However, the circuit condition changes 
only when an input appears at the T terminal. Suppose the flip-flop is in 
set condition, and a reset input is applied, the circuit remains in set condi- 
tion until a toggle input is received, then it changes to reset. Further 
toggle inputs will not cause the flip-flop to change from the reset condi- 
tion. Similarly, a set input will not be effective until a toggle signal is 
applied, and then the circuit changes to and remains in set condition. 
With set and reset inputs at 0, the flip-flop condition cannot be altered by 
a toggle input. Only when both set and reset inputs are l can the circuit 
be triggered continuously by a toggle input. 

In the logic diagram for the JK flip-flop [Figure 9-1 1(d)], the toggle 
input terminal is identified as C for clock. This is the logic term for an 
accurate trigger frequency source. The set and reset inputs are identified 
as J and K. 

The schematic diagram of Figure 9-13 is the basic circuit of a JK 
flip-flop. Transistors and Q 4 perform set and reset functions, as al- 
ready explained for the RS flip-flop. In Figure 9-13, however, base re- 
sistors R b tend to bias Q y and Q 4 on. Diodes D-, and /J 8 , in series with 
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FIGURE 9-13. Basic circuit of a JK flip-flop. 


the emitters of Q 3 and Q 4 , ensure that the transistors will not switch on 
until the base voltage is approximately V BE -I- V D . Thus, V B3 and V B4 
must be about 1 .4 V for switch-o«. 

When the J and K inputs are 0 (i.e., zero volt), D } and D 4 are 
forward-biased, and they hold the transistor bases below the level for 
switch -on. A clock input of l a positive voltage) will only reverse- 
bias D 5 and Z) 6 and will have no effect on the state of the flip-flop. Now 
suppose a l input is applied to J, while K is at 0. Also, assume that 
the flip-flop is in reset condition with Q { on and Q 2 off. With Q 2 off, its 
collector voltage is positive, and diode D x is reverse-biased. When a / in- 
put is applied to the clock, D 5 and D 6 are again reverse-biased. Transistor 
Q 4 is unaffected, because the 0 input at K holds Q 4 off. However, all the 
diodes at (? 3 base are reverse-biased during the clock input. Therefore, 
Qi is biased on via R B . When Q 3 switches on, it pulls the collector of Q 2 
down, causing Q { to swatch off and Q 2 to switch on, that is, the flip-flop 
returns to set condition. Once Q 2 switches on, D ] becomes fonvard- 
biased, so that Q 3 is held off. Any more inputs to the clock terminal have 
no effect on the state of the flip-flop. 
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The circuit can be reset again by applying a clock input, when J 
is at 0 and K is at /. Once again, only one pulse of clock frequency will 
be effective in changing the state of the circuit. When both J and K have / 
inputs, diodes D 3 and D A are reverse-biased. If Q 1 is on and Q } is off \ 
£), is forward-biased and holds Q 3 off \ but D 2 is reverse-biased. Conse- 
quently, a clock input reverses D 6 and causes Q A to switch on. Q A then 
switches Q 2 off and Q A on. Now D x is reverse-biased and D 2 is forward- 
biased. The next clock input switches Q 3 on, and once again changes the 
state of the flip-flop. It is seen that with 1 inputs at J and K the flip-flop 
can be toggled continuously by a clock input. 

Appendix 1-14 shows the data sheet for the MC663P dual JK flip- 
flop manufactured by Motorola. The unit contains two separate JK flip- 
flops. As well as all of the input and output terminals discussed above, 
each flip-flop has a direct reset terminal identified as R D . A logic 0 input 
applied to the direct reset terminal resets outputs to logic 0 at terminal Q, 
and logic / at Q (see the diagram on the data sheet). This reset occurs 
no matter what the voltage levels on the JK and C inputs. For normal 
operation of the flip-flop input R D must be kept high. 

The MC663P flip-flop uses a supply of 15 V and dissipates a total of 
200 mW. The low output voltage ^OL is a rrfaximum of 1 .5 V, and the high 
output voltage ^OH is a minimum of 12.5 V. 

9-7.5 Flip-Flop Loading 

Consider the data sheet for the MC663P dual JK flip-flop (Appendix 1- 
14). The current taken by a single input terminal is the forward current I F 
listed as —1.2 mA maximum. The negative sign indicates that this current 
must flow out of the input terminal. Reference to the circuit diagram in 
the data sheet (or to the basic JK flip-flop in Figure 9-13) shows that the 
input voltage level must be low in order to forward bias an input diode. 
Consequently, the input current is actually flowing out of the input termi- 
nal. 

When one of these flip-flops is to be triggered from another similar 
flip-flop, the output level of the triggering flip-flop must be low when trig- 
gering occurs. Thus, the (negative) input current to the triggered flip-flop 
actually flows into the output terminal of the triggering circuit. The test 
current I OL flowing into the output terminal of an MC663P flip-flop when 
the output is low is listed as 10.8 mA. This means that when the flip-flop 
output is low, it can “take in” a total load current of 10.8 mA. This con- 
dition is sometimes referred to as current sinking. Since each input termi- 
nal must have a maximum of 1.2 mA of current “pulled-out” from it when 
triggering occurs, the total number of flip-flop inputs that may be con- 
nected to one output can be calculated as 
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9-1 

9-2 

9-3 

9-4 

9-5 


9-6 


9-7 


9-8 


9-9 

9-10 


9-11 


9-12 

9-13 


Output loading factor 


l OL 

If 


10.8 m A _ y 
1.2mA 


The output loading factor is listed as 9 on the data sheet. 


REVIEW QUESTIONS AND PROBLEMS 

Sketch the circuit of a collector-coupled bistable multivibrator em- 
ploying npn transistors. Explain how the circuit operates. 

Repeat Problem 9-1 for a circuit using pnp transistors. 

Repeat Problem 9-1 for an emitter-coupled circuit. 

Design a collector-coupled bistable multivibrator to operate from a 
±6 V supply. Use 2N3904 transistors and make 7 C ^ 1 mA. 

Design a collector-coupled bistable multivibrator using 2N3906 
transistors. The supply voltage is ±9V, and the collector current 
is to be approximately 2 mA. 

Design a nonsaturated bistable multivibrator using a supply of 
18 V. The silicon pnp transistors to be employed have h FE(mi/tl = 70, 
and h FE{mM) = 300. 

Analyze the circuit designed for Problem 9-6 to determine maxi- 
mum and minimum levels of collector, base, and emitter voltages 
for both transistors. I c is to be 1 .5 m A. 

Sketch the circuit for asymmetrical collector triggering. Show the 
triggering waveforms, and explain how the circuit functions. 

Repeat Problem 9-8 for symmetrical collector triggering. 

The bistable multivibrator designed for Problem 9-4 is to use sym- 
metrical collector triggering. The trigger input is to be the collector 
output of a previous similar stage. Design a suitable triggering 
circuit. 

Calculate the value of the commutating capacitors for the flip-flop 
and triggering circuits designed for Problems 9-4 and 9-10. Also, 
calculate the maximum triggering frequency that should be em- 
ployed. 

Sketch the circuits for asymmetrical base triggering and symmetri- 
cal base triggering. Explain how each circuit operates, and discuss 
the major disadvantages of symmetrical base triggering. 

Sketch a collector-steered base triggering circuit. Show the trigger- 
ing waveforms, and explain how the circuit operates. 
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9-14 Design a collector-steered base triggering circuit for the flip-flop de- 
signed for Problem 9-4. The triggering input is to be the collector 
output from a previous similar stage. 

9-15 Determine the value of suitable commutating capacitors for the 
flip-flop and triggering circuits designed for Problems 9-4 and 9-14. 
Also calculate the maximum triggering frequency for the circuits. 

9-16 Design an emitter triggering circuit for the flip-flop designed for 
Problem 9-6. Take the transistor iurn-off time as 400 ns. 

9-17 Select commutating capacitors for the circuit designed for Prob- 
lem 9-16. Also determine the maximum triggering frequency for 
the circuit. 

9-18 List the various basic logic type flip-flops, and sketch the logic sym- 
bol for each of them. Explain the function of each flip-flop. 

9-19 Sketch the basic circuit for an RST flip-flop and explain its opera- 
tion. 

9-20 Sketch the basic circuit for a JK flip-flop and explain its opera- 
tion. 

9-21 Explain the term loading factor as applied to a flip-flop. 
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Logic Gates 


INTRODUCTION 

The two basic logic gates are the and gate and the or gate. The and gate 
produces a change in output voltage only when appropriate input voltages 
are applied to all of its input terminals. With the or gate, an output is 
generated when any one of its input terminals receives a signal, nand and 
nor gates function in a slightly different way from and and or gates, re- 
spectively. Each type of gate has its own logic symbol. 

Logic gates can be constructed by use of diodes and resistors (diode 
logic), by use of resistors and transistors (resistor transistor logic), or 
by using combinations of transistors (transistor transistor logic). Other 
logic families are named according to the circuit configurations, and all are 
available as integrated circuits . The performances of the various IC logic 
families are expressed in terms of switching speed, power dissipation, noise 
immunity, and fan-out. 
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10-1 DIODE AND GATE 


The circuit of a diode AND gate with three input terminals is shown in 
Figure 10- 1(a). If one or more of the input terminals (i.e., diode cathodes) 
are grounded, then the diode (or diodes) are forward-biased. Conse- 
quently, the output voltage V Q is equal to the diode forward voltage drop 
V D . Suppose an input of 5 V is applied to terminal A , while terminals B 
and C are grounded. Diode Z), is reverse-biased while D 2 and Z) 3 remain 
forward-biased, and V Q = V D . If levels of 5 V are applied to all three 
inputs, no current flows through /?,, and Vo - V CC - 5 V. Thus, a high 
output voltage is obtained from the AND gate only when high input 
voltages are present at input A, AND at input B, AND at input C. Hence 
the name AND gate. 

An AND gate may have as few as two or a great many input ter- 
minals. In all cases an output is obtained only when the correct input 
voltage levels are provided at every input terminal. 

For all logic gates, the level of input and output voltages usually are 
described as either high or low. Depending upon the particular gate 
circuit, a high level might be between 3V and 6 V, while a low voltage level 
might be less than 1 V. The high level is usually designated /, and the low 
level is designated 0. The logic symbol for the AND gate is shown in 
Figure 10-l(b). When one or more of the input levels is 0, the gate output 
is also 0. When all three input levels are /, the output also goes to /. 



Inputs 

Output 

o 


(b) Logic symbol 
for AND gate 



FIGURE ID-1. Circuit of a three-input diode A ND gate and logic 

symbol for the A ND gate. 
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FIGURE 10-2. Diode AND gate with inputs controlled by tran- 
sistors. 


EXAMPLE 10-1 

An AND gate has three input terminals which are connected to the collec- 
tors of saturated transistors. The transistors can take an additional col- 
lector current of 0.5 mA. Design a suitable circuit and determine the low 
and high output levels from the gate. Use Vcc - 5 V. 

solution 

The circuit is as shown in Figure 10-2. In the figure, maximum additional 
collector current /, flows through Q x when Q x is on and Q 2 and Q y are off. 

— ^l(max) 

V cc - (I r R x ) + V D + F C£(sat) 
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Vcc - Vd — VcE( sat) 


_ 5 V - 0.7 V - 0.2 V 
0.5 mA 

= 8.2 kQ 

This is the minimum value for /?, to limit the transistor additional collec- 
tor current to 0.5 mA. R x could be made larger than 8.2 in which case 
the current would be smaller. 

Output voltages are: 

^O(low) = ^C£(sat) + Vd 

= 0.2 V + 0.7 V = 0.9 V 
Vot hw = K cc = 5V 


10-2 DIODE OR GATE 

A three input diode OR gate and its logic symbol are shown in Figure 
10-3. It is obvious, from the gate circuit, that the output is zero when all 
three inputs are at ground level. If a 5 V input is applied to terminal A , Z), 




(b) Logic symbol 
for OR gate 


(a) Circuit diagram for OR gate 

FIGURE 10-3. Circuit of a three-input diode OR gate and logic 
symbol for the OR gate. 
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+ 5V h OR gate 



FIGURE 10 - 4 . Diode OR gate with inputs controlled by tran- 
sistors. 


is forward-biased, and V Q becomes (5 V - V D ). If terminals B and C are 
grounded at this time, diodes D 2 and D } are reverse-biased. Instead of 
terminal A , the positive input might be applied to terminal B or C to ob- 
tain a positive output voltage. A high output voltage is obtained from an 
OR gate, when a high input is applied to terminal A , OR to terminal B , 
OR to terminal C. Hence the name OR gate. 

As in the case of the A ND gate, an OR gate may have only two or a 
great many input terminals. 


EXAMPLE 10-2 

An OR gate has two input terminals, each of w hich are supplied from flip- 
flops having R L = 3.3 kf2. The supply voltage to the flip-flops is V cc = 
5 V. The gate output voltage is to be at least 3.5 V. Design a suitable 
circuit. 

solution 

Refer to the circuit shown in Figure 10-4. When one input is high, 

V Q = V cc - (/, R l ) - V D 


and 
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Also; 



5 V - 0.7 V - 3.5 V 
3.3 kft 


0.24 mA 



3.5 V 
0.24 mA 

~ 14.6 kO 


This is a minimum value for /?, to maintain the output voltage at a mini- 
mum of 3.5 V. R j could be made larger, in which case V Q would be larger. 


10-3 POSITIVE LOGIC AND i 
NEGATIVE LOGIC 

The diode AND and OR gates already discussed both provide positive 
outputs when positive input signals are applied. This is referred to as 
positive logic. When negative input and output voltages are involved, the 
operation is termed negative logic. 

Consider the situation with the diode AND gate shown in Figure 
10-5. In this case, there is no supply voltage and the load resistance is 
grounded. If a negative input voltage V A is now applied to terminal T, 
diode Z), is forward-biased, and the output is pulled negatively. There- 
fore, a negative output is obtained when a negative input is applied to 



FIGURE 10-5. Negative logic OR gate. 
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FIGURE 10-6. Negative logic /I ND gate. 


terminal A, OR terminal B , OR terminal C. Thus, the positive logic AND 
gate is also a negative logic OR gate. 

The OR gate of Figure 10-3 is reproduced in Figure 10-6 with a 
negative supply connected to R and the input terminals grounded. While 
any of the inputs remain at ground level, one diode is forward-biased and 
the output remains V 0 = - V D . A (large) negative output voltage is ob- 
tained only when negative inputs are applied to terminal A , AND to ter- 
minal B , AND to terminal C. Thus, the positive logic OR gate can also be 
used as a negative logic AND gate. 


10-4 DIODE TRANSISTOR LOGIC 
(DTL) 

10-4.1 NAND Gate 

As already explained, a positive logic diode AND gate has a low voltage 
output when one or more of its inputs are low, and a high output when all 
inputs are high. If a transistor inverter is connected at the output of the 
AND gate, the inverter output is high when one or more of the AND in- 
puts are low, and low when all AND gate inputs are high. Used in this 
fashion, the inverter is termed a NOT gate. The combination of the NOT 
gate and the AND gate is then referred to as a NOT AND gate, or a 
NAND gate. 

Figure 10-7(a) shows an integrated circuit NAND gate composed of 
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(b) Logic symbol Tot N AND gate 

FIGURE 10-7. Diode transistor NAND gate and logic symbol. 


a diode AND gate and an inverter. /?,, Z),, D 2 , and Z) 3 constitute the AND 
gate. The inverter is formed by transistor Q x with load resistor R L and 
bias resistor R B . When all input terminals are at ground level, the voltage 
at point X is the voltage drop across the input diodes (i.e., V x = V p ). If 
diodes D 4 and D 5 were not present, V D would be sufficient to forward-bias 
the base-emitter junction of (?,. The negative supply “ ^ BB keeps diodes 
D 4 and D 5 forward-biased, so that when the inputs are at 0 V the transistor 
base voltage is: 


Vb = V x - (V D4 + V D5 ) 

— V V — V 

- Y i) Y /)4 v ns 

For silicon devices, 

V B — 0.7 V - 0.7 V - 0.7 V 
= -0.7 V 
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Therefore, when any one input to the NAND gate is at 0 V, Q x is biased 
off, and the output voltage is V cc . 

Suppose all inputs to the NAND gate are made sufficiently positive 
to reverse-bias D ]y D 2 , and £> 3 . Now V B depends upon the values of R\ and 
R 2 , and upon the levels of V cc and -V n . If these quantities are all cor- 
rectly selected, V B is positive at this time, Q x is driven into saturation, and 
the output voltage goes to K C£ . (sal) . When any one input to the NAND gate 
is at logic 0, the gate output is at I. When input A AND input B AND 
input C are at /, the output of the NAND gate is level 0. The logic symbol 
employed for a NAND gate is shown in Figure 10-7(b). The symbol is 
simply that of an AND gate with a small circle at the output to indicate 
that the output voltage is inverted. 




-o 


<b) Logic symbol tor NOR gate 


FIGURE 10-8. Diode transistor NOR gate and logic symbol. 
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10-4.2 NOR Gate 

A transistor inverter (or NOT gate) connected at the output of a positive 
logic OR gate, generates a negative-going output when any one of the 
inputs is positive. The circuit is termed a NOT OR gate or NOR gate. A 
diode transistor NOR gate is shown in Figure 10-8(a), with its logic sym- 
bol shown in Figure 10-8(b). As in the case of the NAND gate, a small 
circle is employed to denote the polarity inversion at the output. 


10-4.3 Propagation Delay Time 

The switching speed of a logic gate is defined in terms of a propagation 
delay time. This is the time required for the gate to switch from its low 
output state to its high output state, or vice versa. The quantity varies 
with the transistor collector current and output load conditions. The 
switching time is also dependent upon the circuit configuration; for 
example, the transistors may have to be switched out of saturation, or 
they may be unsaturated. In DTL, the transistors are saturated. Typical 
propagation delay time for integrated circuit DTL is 25 to 30 ns. 




(b) Logic symbol for expandable gate 


FIGURE 10-9. Modified DTL gate and logic symbol. 
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10-4.4 Modified DTL NAND Gate 

A modified version of the DTL NAND gate is shown in Figure 10-9. 
Now, resistor R B is on the order of 5 k!2 instead of 20 k!2, and it simply 
ties the transistor base terminal to the emitter, that is, to ground level. 
Diode D 4 (in Figure 10-7) is replaced by emitter follower Q 2 in Figure 10-9. 
The emitter follower provides base current to Q x and allows R x to be re- 
placed by a larger resistance, R ] + R 2 , thus reducing the maximum drive 
current to each input. The base-emitter voltage of Q 2 substitutes for the 
voltage drop across diode D A in Figure 10-7. 

Input terminal 4 in Figure 10-9(a) is a direct connection to the diode 
anodes. Thus it provides for the connection of additional diodes to in- 
crease the number of input terminals. With this facility the gate is said to 
b z expandable. Terminal^ is shown on the logic symbol as a direct input 
[Figure 10-9(b)]. 

The advantages of modified DTL are operation from a single supply 
voltage, greater output current, lower power dissipation, and lower input 
current. 

10-5 FAN-IN AND FAN-OUT 

Since logic gates usually are connected in complex combinations, the 
output of each circuit must be capable of driving the inputs of many other 
similar circuits. The number of similar gates that any one gate can drive 
is limited. This limit is termed the fan-out of the gate. If I L is the total 
output current that a gate can handle, and /, is the drive current for each 
input, then fan-out = I L / /, . 

The fan-in of a gate is the number of inputs that can be connected 
to a gate. The circuit in Figure 10-7 has three input terminals; therefore, it 
has a fan-in of 3. Expandable IC gates have facilities for connections 
of additional input. The stated fan-in for the gate is then the total number 
of inputs that may be connected. 

Figure 10-10 shows one DTL NAND gate driving another similar 
gate. Note that the load current I L actually flows into the collector of 
transistor Q x , and out of the input terminal of the gate being controlled. 
In this situation the transistor is sometimes referred to as a current sink. 
From a knowledge of the supply voltage, resistor values, and transistor 
h /r£( m jn) , the fan-out of the circuit can be calculated. 

EXAMPLE 10-3 

Assuming that Q x has h FE(min) = 20, determine the fan-out for the DTL 
NAND gates shown in Figure 10-10. 
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solution 


and 


i _ V be ~ V BB 

m 0.7 V + 2V 
20 kS2 

= 135 

l _ ^CC — ^ BE ~ ^£>4 — ^05 

' R, 

= 5 V - 0.7 V - 0.7 V - 0.7 V 
2 kS2 

= 1.45 mA 

^ B ~ ( 1 2 + Ib) ~ 1 2 
= 1 .45 mA - 135 pA 
= 1.315 mA 
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Ic\ ~ ^FE^B 

= 20 x 1.315 mA - 26.3 mA 
Vrr ~ Vr 


h = 


CC ~ v C£(sat) 

*3 

5 V - 0.2 V 


2 ki2 


= 2.4 mA 


Maximum output current = I L = 7 C1 - / 3 

= 26.3 mA — 2.4 mA 
~ 23.9 mA 


Input current = /, = 


^CC — ^03 ~ ^C£(sat) 




5 V - 0.7 V - 0.2 V 
2 kQ 

= 2.05 mA 

[l _ 23.9mA ^ ,, fi 
/, 2.05 m A 


Eleven similar gates can be driven from the output of one gate (/.?., 
fan-out = 11). 


It is obvious from Example 10-3 that a gate can operate with a load 
less than the fan-out. When the fan-out is exceeded, the gate may not op- 
erate correctly. Even when the fan-out is not exceeded, each additional 
load connected to a gate output increases the capacitance at the transistor 
collector and hence increases the gate switching time. For high speed op- 
eration IC manufacturers usually recommend a maximum loading factor 
which is less than the dc fan-out capability of the circuit. 

Appendix 1-15 shows the data sheet for the Motorola MC 930/830 
series integrated circuit DTL gates. These gates are described as expand- 
able dual 4-input gates. Use of the term dual simply means that there are 
two complete gate circuits in each IC package. The schematic diagram on 
the data sheet also shows two separate gate circuits. Each gate has four 
input terminals connected to diode cathodes. Each also has a directly 
connected input terminal which may be used to expand the number of 
inputs. 

The data sheet lists the output loading factor as 8 for the MC 
930/830 circuit, and as 7 for the MC 961 /861 circuit. Typical propagation 
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delay times are listed as 30 ns for the MC 930/830 and 25 ns for the MC 
961/861. Output voltages are designated low output voltage V OL and high 
output voltage V 0H . For both circuit types at 25°C, V Q l is a maximum of 
0.4 V and V OH is a minimum of 2.6 V. 

10-6 HIGH THRESHOLD LOGIC (HTL) 

The minimum input voltage at which a logic gate switches is termed the 
threshold voltage. Consider the DTL gate in Figure 10-1 1(a). For Q x to be 
switched on, Q 2 must also be on and D s must be forward-biased. For this 
to occur, the minimum input voltage at the cathode of Z> 3 is: 

= VbE2 + K D5 + ^ BEl — Vd3 

= 0.7 V + 0.7 V + 0.7 V - 0.7 V = 1.4 V 

Therefore, the threshold voltage for a DTL gate is approximately 
1.4 V. 



FIGURE 10-11. Comparison of DTL and HTL gates. 
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Under some circuit conditions noise spikes greater than 1 .4 V may be 
present, and these could produce unwanted gate switching. To avoid this 
possibility, high threshold logic (HTL) was developed. It should be noted 
that the noise immunity of a logic gate does not depend solely on the 
threshold voltage. Where a circuit has a low input impedance, noise 
spikes are potentially divided, and therefore are less likely to cause 
switching. Similarly, a gate that is driven from a low impedance source 
may be more immune to noise voltages. Also, a gate that switches slowly 
is less sensitive to fast spikes than one that has a very short propagation 
delay time. It is seen that many factors are involved in the ac noise im- 
munity for any given circuit. Instead of attempting to rate the noise im- 
munity of a circuit in terms of voltage levels, switching time, and imped- 
ance, noise immunity is best described as poor, fair, good, or excellent. 

In the HTL circuit in Figure 10-1 1(b), D s is a Zener diode with 
V z ~ 6.8 V. For Q x on, the Zener diode must be in breakdown and Q 2 
must be on. Now, the minimum input voltage for Q x and Q 2 on is 



FIGURE 10-12. MC660 integrated circuit HTL NAND gate. 

( Courtesy of Motorola, Inc.) 
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K - K BE2 + F z + VbE I “ Kf)2 

= 0.7 V + 6.8 V + 0.7 V - 0.7 V 
= 7.5 V 

The threshold voltage for the HTL gate is approximately 7.5 V. It is ob- 
vious that the HTL gate is more immune than the DTL circuit to noise 
spikes. Note also that because of the presence of the Zener diode the HTL 
circuit uses v cc = 15 V, compared to ^ cc ~ 5 V for DTL gates. 

Figure 10-12 shows the circuit of a MC660 expandable four-input 
integrated circuit HTL gate manufactured by Motorola. The circuit is 
similar to that shown in Figure 10-1 1(b), with the exception that emitter 
follower Q 3 has been added at the output to improve the fan-out. The 
emitter follower is said to provide active output pull-up. The diode con- 
nected from Q { collector to the output terminal ensures that the output is 
pulled down rapidly when Q x is driven into saturation. The MC660 series 
HTL has a typical propagation delay time of 1 10 ns, which is much slower 
than the 25 to 30 ns for DTL. However, the longer switching time also 
provides the circuit with greater noise immunity. 


10-7 RESISTOR TRANSISTOR LOGIC 
(RTl) 

The resistor transistor logic circuit shown in Figure 10-1 3(a) has a high 
output voltage when all three inputs are at ground level. All three tran- 
sistors are biased off so that no collector current flows, and V 0 ^ V cc . A 
collector current flows and the output drops to a low level, if a positive 
input voltage is applied to terminal A OR terminal B OR terminal C. 
Thus the circuit is that of a NOR gate. 

RTL gates are available as integrated circuits. However, an RTL 
NOR gate using discrete components is quite easy to design. Resistor R x 
should be selected much smaller than the load resistance to be supplied. 
This is because /?, must pull up the output voltage when the gate tran- 
sistors are biased off. If the desired gate output current l G is known, then 
I c should be made about ten times larger than l 0 . This keeps R x small 
enough for good pull-up. I B is calculated using / C(max) and h FE{min) as for all 
saturated transistors. Then R B is determined from /., Vbe, and the thres- 
hold voltage for the circuit. 


EXAMPLE 10-4 

An RTL NOR gate is to have an output which goes from approximately 
0 V to 3 V. The load supplied by the gate output (when the output is 
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FIGURE 10-13. Circuit of RTL NOR gate and several gates 
driven from the output of one gate. 


high) is 1 mA, and the gate input threshold voltage is to be ^ 2 V. Using 
2N3903 transistors, design a suitable circuit. 


solution 

Refer to Figure 10-1 3(a). For V G m 3 V, use V cc = 3 V. Make I c » 
load supplied. Let 
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Ic 




10 x I Q 

10 x 1 mA = 10 mA 

^CC — ^C£(sat) 

~Tc 


3 V - 0.2 V 
10 mA 


= 28012 (use 270 12 standard value) 


From the 2N3903 data sheet in Appendix 1-4, at I c = 10 mA, h FE{min) = 
50, and 


*£(min) 


R„ 


/c 

^££(min) 

10 mA 
50 


200 j*A 


y, - Vbe 

Ib 

2 V - 0.7 V 

200 pA 

6.5 k!2 (use 5.6 k!2 standard value) 


EXAMPLE 10-5 

Determine the maximum fan-out of the circuit designed in Example 10-4. 

solution 

Refer to Figure 1 0- 1 3(b). The input current to one input terminal of the 
gate is: 


u 


Vi ~ V BE 

2 V - 0.7 V 
5.6 kS2 

232 M A 


When the output is high (at 2 V), 
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F, (to other gates) = 2V 

Vcc - Vi 
Rl 

3 V - 2 V 
270 il 

3.7 mA 

The maximum number of gate inputs that can be supplied by I Q is 
Total inputs = — 

* B 

= 3 - 7 = |5 9 

232 nA 

Maximum fan-out = 15 

This is the absolute maximum number of gates that can be driven from the 
output of one gate as designed. For best switching speed and noise re- 
jection, the fan-out should be kept well below the maximum. 



The minimum input voltage that will begin to switch any one tran- 
sistor on is the normal transistor V BE of approximately 0.7 V. Although 
this voltage cannot drive the output to F C£(sal) , it could affect the input 
current to other gates [i.e., those being driven from the output, as in 
Figure 10-1 3(b)]. Therefore, an RTL gate may be susceptible to noise 
voltages around 0.7 V. 

Typical integrated circuit RTL uses a supply of 3 V, has a fan-out of 
5, gate power dissipation of approximately 20 mW, and propagation de- 
lay time of 12 ns. 


10-8 TRANSISTOR TRANSISTOR 
LOGIC (TTL) 


In transistor transistor logic (TTL or T 2 L), the input signals are applied 
directly to transistor terminals. 

Consider the basic TTL circuit shown in Figure 10- 14(a). The out- 
put transistor Q 2 is controlled by the voltage at the collector terminal of 
transistor (7,. When the input terminal (i.e., (7, emitter) is grounded, 
sufficient base current 1 B flows to keep (7, in saturation. The collector 
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FIGURE 10-14. 


TTL gate circuits. 
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voltage of Q a is V CE( sal ) above ground. Typically, K C£(sat) is 0.2 V which is 
not high enough to bias Q 2 on. Therefore, when the input voltage is low, 
Q 2 is off and the output level is high. 

If a positive voltage is applied to the input terminal, Q x remains in 
saturation ( l B is still large enough) and Q x collector voltage goes to V t + 
K C£(sal) . Dependent upon the actual level of input voltage, sufficient base 
current can be supplied to Q 2 to drive it into saturation. Figure 1 0- 1 4(b) 
shows Q x replaced by diodes representing the base-emitter and collector- 
base junctions. The arrangement is similar to that of a DTL circuit. It is 
seen that the input voltage could easily be made large enough to reverse- 
bias the base-emitter junction. When this occurs the collector-base junc- 
tion remains forward-biased, and base current flows to saturate the output 
transistor. 

Figure 10- 14(c) shows a basic three-input TTL circuit. (2, is seen to 
be a transistor with three emitter terminals. This is fabricated easily in in- 
tegrated circuit form. The three emitters are the input terminals to the 
gate. For Q x collector to rise above K C£(sal) , input A AND input B AND 
input C must be high positive levels. Because of this, and because the 
output voltage level goes from high to low, the circuit is a NAND gate. 


4 



FIGURE 10-15. MC500/400 integrated circuit eight-input TTL 

NAND gate. ( Courtesy of Motorola. Inc.) 
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The circuit of an eight-input integrated circuit TTL NAND gate is 
shown in Figure 10-15. The diodes connected from ground to each input 
terminal become forward-biased only when the input voltage goes nega- 
tive. Their function is to limit the amplitude of negative spikes appearing 
at the gate inputs. Transistors Q 2 , Q 3 , and Q 4 function as follows: When 
Q 2 is off, R 3 biases Q 4 off, and R 2 biases Q 3 on. Thus Q 2 provides ac- 
tive pull-up (or low output impedance) when the gate output voltage is 
high. When Q 2 is on in saturation, base current supplied to Q 4 drives it 
into saturation. Consequently, the output voltage is pulled down, and Q 4 
offers a low output impedance when the gate output is in its low state. At 
this time, Q 3 is biased off by the voltage drop across R 2 . 

The multi-emitter input transistor used with TTL is always in satura- 
tion, even when all the input voltages are high. Since it never has to be 
switched out of saturation, there is no storage time involved when the 
transistor is switched. This is one reason why TTL tends to switch con- 
siderably faster than DTL. The typical propagation delay time for the 
MC500/400 gate (Frgure 10-15) is 10 ns. The circuit operates from a 5 V 
supply, dissipates approximately 15 mW, and has a fan-out ranging from 
6 to 15. Because the gate input terminals are transistor emitters, they 
have a low impedance; consequently, TTL is said to have good ac noise 
immunity. 


10-9 EMITTER-COUPLED LOGIC (ECL) 

One major limitation to the switching speed of logic circuits is the storage 
time of saturated transistors. The storage time is the time required to 
drive a transistor out of saturation, that is, to reverse the forward bias on 
the collector-base junction. In emitter-coupled logic (ECL), also termed 
current mode logic, the transistors are maintained in an unsaturated con- 
dition. This eliminates the transistor storage time, and results in logic 
gates which switch very fast indeed. 

The schematic diagram of a typical integrated circuit ECL gate is 
shown in Figure 10-16. The circuit uses a negative supply — ^ee and the 
positive supply terminal *cc is grounded. Transistor Q 5 has its base bias 
voltage provided by the potential divider composed of R s , R b , £>,, and D 2 . 
The diodes provide temperature compensation for changes in the V BE of 
Q s . Q s operates as an emitter follower to provide a low impedance bias 
to the base of transistor Q 4 . With a constant bias voltage at Q 4 base, the 
voltage drop across emitter resistor R 2 is also maintained constant so long 
as the input voltages are low enough to keep transistors Q } , Q 2 , and Q 2 in 
the off state. In this circumstance, the emitter current and collector cur- 
rent of Q 4 are held constant and the transistor is maintained in an un- 


(a) Integrated circuit HCL OR/NOR gate 


> 

o 
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(b) OR /NOR gate logic symbol 
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saturated condition. With 0 4 on, the output voltage via emitter follower 
0 7 is low, and that via emitter follower 0 6 is high. When a positive voltage 
is applied to terminal A OR terminal B OR terminal C, the emitter voltage 
of Q 4 is pulled up above its base level. Consequently, Q 4 switches off as 
0,, 0 2 , or 0 3 switches on. . When this occurs, the voltage at the base of 

0 6 falls and that at 0 7 rises. 

It is seen that when the input voltage at terminals A , B , and C are 
low, the output voltage at 0 7 emitter is also low. 0 7 output becomes high 
when a high input is applied to terminal A OR terminal B OR terminal C. 
Thus, the gate functions as an OR gate when the output is derived from 

0 7 emitter. 0 6 emitter voltage is high when the inputs are low, and low 
when terminal A , B, OR C inputs are high. Therefore, with output taken 
from 0 6 emitter, the circuit functions as a NOR gate. The OR/ NOR logic 
symbol is shown in Figure 1 0- 1 6(b). 


EXAMPLE 10-6 

The OR/ NOR gate circuit in Figure 10-16{a) has supply voltages of -5 V 
and ground. Determine the output voltages when inputs A , B , and C are 
low. 


solution 

With inputs A , B , and C low, 


A = 


(0 - v EE ) - V Dl - V L 


y D2 


r 5 + r 6 

0 - (-5 V) - 0.7 V - 0.7 V 


~ 1.4mA 


3000 + 2.3 kil 
V B 5 = (W + V Dl T V D2 

= (1.4mA x 2.3 kQ) 4- 0.7 V + 0.7V 
~ 4.6 V 

Vb4 = ^ B5 ~ ^BE5 

= 4.6 V - 0.7 V = 3.9 V 

^£4 = f £4 ^ B FA 

= 3.9 V - 0.7 V 
= 3.2 V 
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/« = 


r £4 


R 2 

3.2 V 
1.18 kQ 


2.7 mA 


lc 4 — ^£4 — 2.7 mA 

^87 — Krc — ^C4^3 


(neglect / S7 ) 


= OV - (2.7mA x 300ft) 


-0.81 V 

^87 - ^ 8£7 

-0.81 V - 0.7 V ~ -1.5 V 


This is the low state of the output at Q-, emitter. 

With Q„ Q 2 , and Q } biased off, only / 86 flows through R t . Consider 
(^86 * R>) as negligible. Then, 

V E 6 ^ Vcc - Ke6 
= 0 - 0.7 V 
= -0.7 V 


This is the high state of the output at Q b emitter. 


From Example 10-6, the high output level for the ECL gate is 
-0.7 V, and the low output level is —1.5 V. When applied to the input of 
another gate, these high and low levels must be capable of switching the 
gate from one state to another. Consider the circuit in Figure 10- 1 6(a), 
and assume that terminal C is connected to the output of another similar 
gate. When the low output level (-1.5 V) is applied to terminal C, V B3 is 
3.5 V above V EE . In Example 10-6, V E4 was found to be 3.2 V above 
V EE , and this is also the voltage at the emitter of Q y Since, V BEi = 
(3.5 V - 3.2 V) = 0.3 V, Q } base-emitter actually is forward-biased by 
0.3 V. This is not sufficient to bias a silicon transistor into conduction, 
so Q } remains off. However, an increase of approximately 250 mV at the 
base of Q y (e.g., a noise spike) could cause the transistor at least partially 
to switch on. A similar analysis of the circuit conditions when Q } is on 
and Q 4 is off shows that switching could again occur with a -250 mV 
spike. 
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The principal drawback of integrated circuit ECL compared to other 
IC logic families is now evident. That drawback is its sensitivity to low 
level noise on the order of ±250 mV. The high input resistance and very 
fast switching speed of ECL also contributes to its low noise immunity. 
However, the low output resistance of ECL improves the noise immunity 
at the input of another gate that is being driven. Another aspect of the 
noise sensitivity of logic gates is that most types of logic circuits generate 
noise spikes when transistors are switched into or out of saturation. This 
is not the case with ECL, because each time one transistor is switched off 
another is switched on. Thus the current drawn from the supply remains 
approximately constant. 

Another disadvantage of ECL is its relatively high power dissipa- 
tion, approximately 30 mW per gate. The major advantage of ECL over 
other types of logic undoubtedly is the very fast switching speed. Because 
of the nonsaturated condition of the on transistors, the propagation de- 
lay time can be 2 ns or less. 

Appendix 1-16‘shows the data sheet for MC306.MC307 3-input ECL 

gates manufactured by Motorola. In the schematic diagram on the data 

sheet, the three transistors with their bases connected to terminals 6, 7, 

▼- 

and 8 correspond to Q u Q 2 , and Q 3 in Figure 10-1 6(a). Aiso, the tran- 
sistor with its base connected to terminal 1 corresponds to Q A in Fig- 
ure 10- 1 6(a). The remaining two transistors in the MC306.MC307 circuit 
are the emitter follower outputs. No bias network is provided in this IC 
gate. Instead, an external bias driver must be connected to terminal /. 

The listed electrical characteristics of the MC306.MC307 show that 
the low output voltage (NOR logic 0) is -1.750 V. The high output 
voltage (NOR logic 1) is -0.795 V. This gives an output voltage change 
of 0.55 V. The shortest propagation delay time for the MC306.MC307 
is listed as 5.5 ns. 


10-10 COMPLEMENTARY MOSFET 
LOGIC (CMOS) 

CMOS is the abbreviation for complementary metal oxide semiconductor. 
As already discussed in Secs. 4-6 and 4-7, MOSFET switches have an ex- 
tremely high input resistance, very small drain to source voltage drop, and 
very little power dissipation. The //-channel enhancement mode MOSFET 
is normally off when its gate is at the same potentials as its substrate. 
When the gate is made positive with respect to the substrate, an n-type 
channel is produced from drain to source, and drain current flows. Simi- 
larly, the //-channel device has no drain current while its gate and sub- 
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FIGURE 10-17. CMOS NAND gate. 

strate are at the same potential. The p-type channel appears when the gate 
is made negative with respect to the substrate. 

The CMOS NAND gate shown in Figure 10-17 employs two p - 
channel MOSFETs (Q x and Q 2 ) and two ^-channel devices (0 3 and Q 4 ). 
When input terminals A and 8 are grounded, the /7-channel devices ((?, 
and Q 2 ) are biased on, and the '^-channel FETs are off. This means that 
the drain terminals of Q x and Q 2 are at the same potential as their source 
terminals (i.e., V DD ). Therefore, when both A and B are grounded, V Q ^ 
V DD . Actually, V Q is about 10 mV less than V DD at this time. When an 
input equal to is applied to terminal A, Q 3 is biased on and Q 2 is 
biased off. However, with terminal B grounded, Q A is still off and Q x is 
still on. Consequently, the output voltage remains at V DD* When the posi- 
tive input (equal to V DD ) is applied to terminal A and to terminal B, both 
/7-channel devices are biased off and both /z-channel transistors are biased 
on. The output now goes to 0 V plus approximately a 10 mV drop along 
the channels of Q 3 and Q A . 

The circuit of a CMOS NOR gate is shown in Figure 10-18. Once 
again, two /?-channel devices (Q x and Q 2 ) and two Az-channel transistors 


284 


Chap. JO LOGIC GATES 



(Q } and Q 4 ) are employed. When both inputs are at ground level, Q } and 
Q 4 are biased off, and Q ] and Q 2 are on. In this condition there is about a 
10 mV drop from drain to source terminals in the ^-channel transistors, 
and V 0 is very close to ^dd- When terminal A has a positive input (equal 
to V DD ), 0, switches off and Q 3 switches on. The series combination of Q x 
and Q 2 now is open-circuited, and the output is shorted to ground via Q y . 
Similarly, if terminal A remains grounded and terminal B has Voo applied, 
Q 2 switches off and Q 4 switches on. Again the output goes to ground level. 

The major advantage of integrated circuit CMOS logic over bipolar 
logic circuits is its extremely low power dissipation. Ranging from 2.5 ^W 
to 10 a*W per gate, the low dissipation allows greater circuit density within 
a given size of 1C package. The resultant low supply current demand also 
makes CMOS ideal for battery-operated instruments. Typical supply 
voltages employed for CMOS are 5 V to 10 V; however, operation with a 
supply of 1 V to 18 V is possible. The circuitry is immune to noise levels 
as high as 30% of the supply voltage. The extremely high input resistance 
of MOSFETs gives CMOS gates typical input resistances of 10 9 S2, and 
this makes it possible to have fan-outs greater than 50. Typical propaga- 
tion delay time for CMOS is 25 ns. 
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10-11 COMPARISON OF MAJOR 
TYPES OF 1C LOGIC 

The major integrated circuit logic families are compared in Table 10-1 . In 
applications for which high speed is important, either RTL or TTL may 
be suitable. Although RTL is less expensive, TTL is superior in noise im- 
munity and fan-out. When very high speed is desirable, ECL is the only 
choice. Also, it offers large fan-out but relatively high power dissipation 
and only fair noise immunity. If switching speed is not the paramount 
consideration, then DTL or CMOS might be suitable. In situations where 
noise is unavoidable, either HTL or CMOS are appropriate. CMOS is 
very much superior to both DTL and HTL in fan-out and switching speed 
and offers low power dissipation. Also, CMOS is relatively inexpensive to 
manufacture, and because of the extremely low power dissipation CMOS 
integrated circuits can be produced with a much greater density than any 
other type of logic. 


Table 10-1 

COMPARISON OF TYPICAL 
CHARACTERISTICS OF 1C LOGIC 



DTL 

RTL 

HTL 

TTL 

ECL 

CMOS 

Propagation 

delay time 

30 ns 

12 ns 

1 19 ns 

12 ms 

2 ns 

25 ms 

Power dissipation 
per gate 

15 mW 

15 mW 

50 mW 

15 mW 

40 mW 

5 juW 

Noise immunity 

Good 

Poor 

Excellent 

Good 

Fair 

Excellent 

Fan-out 

8 

5 

10 

10 

25 

> 50 


REVIEW QUESTIONS AND PROBLEMS 

10-1 Sketch the circuit and logic symbol for a diode AND gate. Briefly 
explain the operation of the circuit. 

10-2 Design a four-input diode AND gate using a 9 V supply. The gate 
inputs are to be controlled from the collectors of saturated tran- 
sistors which can pass an additional collector current of 1 mA. 
Determine the low and high output levels for the gate. 

10-3 Sketch the circuit and logic symbol for a diode OR gate. Briefly 
explain the operation of the circuit. 

10-4 A diode OR gate is to have an output voltage which goes from a 


286 


Chap . 10 LOGIC GATES 


low level of 0 V to a high level of at least 2 V. The inputs to the OR 
gate are connected to flip-flops with R L = 4.7 kl] and v cc = 9 V. 
Design a suitable circuit. 

10-5 Explain positive logic and negative logic. Sketch the circuits of 
negative logic AND and OR gates. Compare these to positive 
logic circuits. 

10-6 Sketch the circuit and logic symbol for a DTL NAND gate. Care- 
fully explain the operation of the circuit and discuss the function 
of each component. 

10-7 Repeat Problem 10-6 for a DTL NOR gate. 

10-8 Sketch the circuit and logic symbol for a modified DTL NAND 
gate, with facility for fan-in expansion. Compare the modified 
and unmodified DTL gates. 

10-9 Define fan-in and fan-out and discuss their relationships to gate 
switching speed. 

10-10 Calculate the fan-out for the modified DTL NAND gate shown in 
Figure 10-9. Assume that the transistors have h FE{mm) = 20 and 
Vcc = 5 V. 

10-11 Calculate the fan-out for the DTL NOR gate shown in Figure 

10-8. Take R L = 2kl2, /?, = 20 kft, V cc = 5 V, and V BB = -2V. 

10-12 Explain the need for high threshold logic and discuss the other 

factors relating to the ac noise immunity of logic gates. 

10-13 Sketch the circuit of a typical HTL NAND gate, and carefully ex- 
plain the function of every component. 

10-14 Sketch the circuit of a two-input RTL NOR gate, and explain its 
operation. 

10-15 An RTL NOR gate is to have an output which goes approximately 
from 0 V to 5 V. The load to be supplied by the gate output (when 
high) is 0.5 mA, and the gate input threshold voltage is to be 
~3 V. Using 2N3904 transistors, design a suitable circuit. 

10-16 Using illustrations, explain the principle of TTL. Discuss the rea- 
sons for the fast switching speed and good ac noise immunity of 
TTL. 

10-17 Sketch the circuit of a typical integrated circuit TTL gate. Explain 
the function of each component. 

10-18 Sketch the complete circuit and logic symbol for an ECL OR/ 
NOR gate. Carefully explain the operation of the circuit, and dis- 
cuss the major advantages and disadvantages of ECL. 

10-19 Sketch the circuits of CMOS NAND and NOR gates. Carefully 
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explain the operation of each circuit, and list the advantages and 
disadvantages of CMOS logic. 

10-20 Define propagation delay time, and discuss the characteristics that 
affect the switching speed of the various logic circuits. 

10-21 Compare the various types of IC logic in terms of propagation 
delay time, power dissipation, noise immunity, and fan-out. 


Chapter 1 1 


Sampling Gates 


INTRODUCTION 

A sampling gate is a switching circuit which usually is employed to sample 
the amplitude of dc or low-frequency signals. Sampling gate circuits can be 
constructed using diodes, bipolar transistors, or FETs. For large signal 
voltages, diodes or bipolar transistors may be satisfactory. For very small 
signals, JFETs or MOSFETs produce the best results. 


11-1 DIODE SAMPLING GATE 

A very simple diode gate which may be applied to voltage level sampling 
is shown in Figure 11-1. The signal V s to be sampled is applied to the 
cathode of /),. The output voltage V Q is derived from the cathode of D 2 - 
A pulse control input F, is applied via R i to the anodes of />, and D 2 . The 
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Circuit of diode 
sampling gate 


Signal 
input ( V s ) 


IT 



Output (V Q ) iiJlJlflJlJLrL__ 



(b) Voltage waveforms 


FIGURE 11-1. Circuit and waveforms for diode sampling gate. 


signal source resistance is R s , and the load is R L . When the control volt- 
age is zero or negative, diodes /), and Z> 2 are reverse-biased, and ^ ~ 0 V. 
When the control voltage becomes positive, D x and D 2 are forward- 
biased. Then, 


if 


V A = 


K + /. R, 


/,«, « K, 


v A - K 
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and 

Vb = V A + 

^ ^ + Pm 
= V B - V D1 
^ K + - ^2 

^ Kf 

It is seen that the signal voltage is passed to the output terminals 
when the control voltage pulses positively. The waveforms of input 
voltage, control voltage, and output voltage are illustrated in Figure 
ll-l(b). The circuit shown can sample only positive input signals. Re- 
versing the diodes and the control input would permit sampling of a nega- 
tive signal voltage. 

The diode sampling gate has errors due to differences in the voltage 
drops across each diode, and due to diode leakage currents. Con- 
sequently, diode gates are applicable only where large signal amplitudes 
are involved and where accuracy is not important. 


11-2 BIPOLAR TRANSISTOR 
SERIES GATE 

The circuit of a bipolar transistor series sampling gate is shown in Figure 
1 1-2. The low-frequency signal to be sampled is applied to the collector, 
and the output is derived from the emitter terminal. A pulse waveform at 
the base acts as a control, driving the transistor into saturation and cutoff. 


Input ( V s ) 




FIGURE 11-2. 


Bipolar transistor series sampling gate. 
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When the control voltage is positive, Q x is biased on. When the control 
voltage goes to zero, Q i is off. At transistor saturation, the output voltage 
is V Q ~ V s . At cutoff, the output becomes zero. It is seen that the tran- 
sistor is operating as a switch, and that the output from the gate is a series 
of samples of the input amplitude. 


Collector Emitter 

behaves as behaves as 

an emitter a collector 



(a) Series gate with a negative signal voltage 




Control input (V x ) 


1 



(b) Voltage waveforms 

FIGURE 11-3. Series gate with negative signal voltage and tran- 
sistor in inverted mode. 
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The waveforms in Figure 1 1-2 are drawn for a positive input signal. 
If the input becomes negative, as shown in Figure 1 1 -3(a), then the tran- 
sistor operates in the inverted mode. The emitter terminal acts as the col- 
lector, and the collector operates as the transistor emitter. This, by no 
means, is an efficient way to operate a transistor used for amplification. 
However, as a saturated switch with a large base current, the transistor 
performs satisfactorily in inverted mode. To ensure that the device will 
switch off, the negative swing of the control voltage must be greater than 
the negative peak of the signal voltage. For a signal with positive and 
negative components, the circuit waveforms are as illustrated in Figure 

n-3(b). 

The input signal applied to a sampling gate is frequently a very low 
level voltage. Since the transistor saturation voltage constitutes a loss of 
signal amplitude [see Figure 1 l-4(a)], F r£(sat) (also termed the offset voltage) 
must be maintained as small as possible. Reference to the transistor char- 
acteristics in Figure 4-2 shows that for the smallest V CE{ sat) , I c must be kept 
small and I B must be relatively large. For I c = 1 mA and I B = 0.1 mA, a 
typical F C£(sat) is 0.2 V. Another source of error is the emitter-base leakage 
current Ieo that flows when the device is biased off. I EO causes an un- 
wanted output voltage to develop across Hoad resistance R L [see Figure 
1 1 -4(b)] . A typical level of I EO for a switching transistor is 50 nA at 25°C. 

In the design of a series sampling gate, the load resistance R L should 


Is^S Fcf(sat) 

+H» H- +H H- 




(b) C?j off 

FIGURE 11-4. Error sources in bipolar transistor series gate. 
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be selected much larger than the signal source resistance R s . This will 
avoid large signal currents which would cause a significant voltage drop 
across R s . The signal current can be reduced to a minimum if I B is made 
equal to the output current I E . The amplitude of the control voltage 
should be greater than the peak signal voltage. The sampling frequency 
(i.e., the control voltage frequency) should be several times the frequency 
of the signal to be sampled. 


EXAMPLE 11-1 

Design a transistor series gate to sample a signal with a peak amplitude 
of 2 V, and a source resistance of 100 12. Also calculate the output errors 
due to Vce{ sat) ar, d Ieo * 

solution 


R l » R s 

Let 


R l = 100 x R s = 100 x 100 12 = 1 0 k 12 
When the transistor is on. 


V 9 V 

l Q = — ^ = 200 M A 

° R l 10 k!2 


Let 


l B = /„ = 200 mA 
The control voltage V x > V s . Let 

K, = 2 x = 2 x 2V = 4V 

j v x - v BE - K 

* R — 


200 g A = 


Rb 

4 y _ 0,7 y - 2 V 
R* 


and 


Kb = ~~ — : = 6.5 k 12 (use 6.8 k!2 standard value) 
200^ A 
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Typically, K C£(sat) = 0.2 V, and I EO = 50 nA. 

Error due to K C£(sat) = K( f| sat) x 100% 

= ^ x 100% = 10% 
Error due to l E0 = SImILlL = 100% 

" s 

= 50 nA x 10 kl * x 100% 
2 V /0 

= 0.025% 


11-3 BIPOLAR TRANSISTOR 
SHUNT GATE 

The series sampling gate is suitable for signals having a low source re- 
sistance. For signals with a very high source resistance, the series gate 
requirement that R L be much larger than R s is difficult to fulfill. In this 
case, a shunt sampling gate is most suitable. 

In the shunt sampling gate (Figure 1 1-5), transistor Q x shorts the in- 
put to ground when it is switched into saturation. When (?, is off, current 
flows from the signal source to the load resistance. Therefore, the shunt 
sampling gate essentially is a current switch, whereas the series sampling 
gate is a voltage switch. The transistor offset voltage results in a load 
current F C£(sat) //% when the transistor is on [Figure ll-6(a)]. When the 
device is off, some of the signal current is lost as I co through the tran- 
sistor [Figure 1 l-6(b)]. If the input signal becomes negative, the transistor 
operates in the inverted mode, as in the case of the series gate. 

The load resistance for a shunt sampling gate should be selected such 
that I 0 R l is much larger than K C£(sat) . For transistor saturation and for 
minimum F C£(sat) , I B can be approximately equal to l Q . As in the case of 
the series gate, the sampling frequency should be at least several times the 
signal frequency. The transistor leakage current I co should be very much 
smaller than I Q . 

EXAMPLE 11-2 

Design a transistor shunt gate to sample a signal current having a peak 
amplitude of 2 mA. Also, calculate the output errors due to F r£(sat) and 

l CO' 
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(a) Shunt gate circuit 



Signal current ( I s ) 




(b) Current and voltage waveforms 

FIGURE 1 1-5. Bipolar transistor shunt gate and waveforms. 
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f S 



(a) Q x on 



\'o =(^C£(»«,/^> 


| Ut ~ 0 $ !co * 


(b) <?, off 


solution 

Let 


Let 

Take 


FIGURE 1 1-6. Error sources in bipolar shunt gate. 


/o — A = 2 mA 


Rl 


1 0 x L C£(sat) 
1 0 x L C£(sat) 
Io 

10 x 0,2 V 
2 mA 


1 k 12 


1 B ~ I 0 = 2 mA 


K 

Ifi 

2 mA 
Rb 


4 V 

K - tk ~ y Q 

4 V - 0.7 V - 2V 

R b 

— — = 65012 (use 68012 standard value) 
2mA 
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Error current due to F C£(sat) 
Error due to K C£(sal) 

Typical I co 
Error due to l co 


r CE( sat) 


*L 

^C£(sat) / R L 

In 


x 100°;, 


Oj - Y/ . j . k ll x 100% = 10°,; 

2 mA 
50 nA 

% X 100% 

Iq 


50 nA 
2 mA 


x 100% = 0.0025°/ n 


11-4 JFET SERIES GATE 

A series sampling gate using an ^-channel JFET is shown in Figure 1 1-7. 
Note that the control voltage V x goes from zero to a negative level greater 
than the transistor pinchofT voltage V P . When V t = 0 V, the FET is on. 
When — V\> V P , the device is off. The JFET can also be operated in in- 
verted mode, in which case the drain terminal acts as a source, and the 
source terminal performs the function of the drain. Inverted operation of 
a JFET is satisfactory only if the signal level is very small. If the signal 
becomes large, the (inverted) gate-channel junction could become for- 
ward-biased, and the resultant’ gate current would affect the drain-source 
voltage. 

Field effect transistors have a drain-source voltage drop of I D R D{on) 
when biased into saturation [see Figure 1 1 - 7 ( b ) and Sec. 4-5]. With small 
drain current, this drain-source voltage drop can be much smaller than the 
F C£(sat) of a bipolar transistor. A typical value of R D(on) for a switching 
FET is 30 12, although devices with R D{ on) as low as 5 12 are available. For a 
load current of 200 n A, as in Example 11-1, the typical FET offset voltage 
is (200^A x 3012) = 6 mV. This is only 0.3% of a 2 V signal, compared 
to the 10% loss due to the K C£(sal) of the bipolar transistor. When the 
JFET is biased off there is a gate-source leakage current / GSS , which cor- 
responds to l EO in a bipolar transistor [Figure 1 1 -7(c)] . Thus, I GSS con- 
stitutes an unwanted load current. For a switching JFET I GSS can be 
0.2 nA or less, which is superior to the typical 50 nA of a bipolar device. 
The performance specification for some switching JFETs is given below: 
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(b) Q , on 



(c) Q ] off 


FIGURE 11-7. Circuit, waveforms, and error sources for JFET 
series gate. 



Maximum 

pinchoff 

Drain-source 

Gate-source 

Drain-source 


voltage 

on resistance 

leakage 

leakage 


^(max) 

on) 

f GSS 

I D( off) 

2N4391 

10V 

3012 

0.1 nA 

0.1 nA 

2N5433 

9 V 

712 

0.2 nA 

0.2 nA 


Note that the data sheet for the 2N4391 is in Appendix 1-10. 


EXAMPLE 11-3 


A low-frequency signal with a peak amplitude of 1 V is applied to a volt- 
age follower with a very low' output resistance. The signal is to be sam- 
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Voltage 

follower 



FIGURE 11-8. FET series gate. 


pled at the output of the voltage follower and fed to a circuit with /?, = 
10 k!2. Design a suitable FET gate circuit and estimate the output errors. 


solution 

The circuit is as shown in Figure 1 1-8. For the 2N4391 FET, the control 
voltage V x > (V Pimu) = 10 V). Let 


V, ~ -12 V 


With Q x on. 


Id ~ 


R s 4- R t 
1 V 


012 + 10 k!2 


= 0.1 mA 


^DS(on) “ ^D^D( on) 


= 0.1 mA x 3012 = 3 mV 


Error due to K OS(on) = P ^ ( — x 100% 

= ^ x 100% 

= 0.3% 


With Q t off. 


Io — l GSS — I 
Vo = I GSS R i 


= 0. 1 nA x 10 k 12 = 1 ^V 
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Error due to I GSS = ^ GSS ^' x 100% 

* s 

= X 100% = 0.0001% 


11-5 JFET SHUNT GATE 

The JFET shunt sampling gate shown in Figure 1 1 -9(a) operates in a simi- 
lar way to the bipolar shunt circuit. Like the bipolar shunt gate, the 
JFET shunt gate is essentially a current switch. When the FET is on, the 
output of the gate is shorted to ground. The output voltage at this time 
actually is I D R D{on) , and this produces an unwanted output current 
(I d R D( on) / R l) [see Figure 1 1 -9(b)] . However, for the shunt FET gate, the 
unwanted output is much less than the minimum possible with a bipolar 
circuit. When the transistor is off, the drain-source leakage current I D{ofr) 
diverts signal current from the load [see Figure 11 -9(c)]. Again, this 
usually is less than the corresponding bipolaj* leakage current. 


EXAMPLE 11-4 

A low-frequency current with an amplitude of 0.1 mA is to be sampled 
and fed to the input of a circuit with R , = 10 k!2. Design a suitable FET 
shunt gate, and estimate the output voltage errors due to the transistor. 

solution 

Use a 2N4391 FET. Let the control voltage be —12 V as in Example 
1 1-3. When (2, is on. 


Vo — I s Rp( on) 

= 0.1 mA x 3012 = 3 mV 


and when (2, is off, 


v 0 = i s Ri 


- 0. 1 mA x 10 k!2 = IV 
The error when (J, is on is given by 

3 m V x 100 


1 V 


= 0.3% 
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Is 




Iq ~ UdRd( on) 


(b) Q x on 



( c ) Q\ off 

FIGURE 11-9. Circuit, waveforms, and error sources for JFET 
shunt gate. 


When Q , is off, 

In = I D(oft) = 0 - ^ 

I O = K — I D( off) 

= 0.1 mA - 0.1 nA 

Error = x 100 = 0.0001% 

0.1 mA 
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• 1 



1 


Control 



" ; JUUIV 

I 

t ' t 

r l\ 

X V o 





(a) Series gate 
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11-6 MOSFET SAMPLING GATES 

MOSFETs are almost ideal devices for use as sampling gates. They have 
the same low R D(on) characteristic as JFETs, and the enhancement mode de- 
vices are normally off while the gate is at the same potential as the sub- 
strate. Figure 1 1 - 1 0(a) shows the circuit of a series sampling gate using an 
Aj-channel MOSFET. With the substrate at ground potential, the control 
voltage should go from 0 V to a positive voltage to switch the gate from off 
to on. When the input signal can be either negative or positive, the sub- 
strate should be taken to a negative bias voltage and the control voltage 
should start at the bias level. A MOSFET shunt sampling gate is shown 
in Figure 1 1-1 0(b). Flere, again, the substrate terminal of the FET can be 
taken to a negative bias voltage, and the control voltage should start at 
the bias level to accommodate negative signal voltages. 

The circuit in Figure 1 1- 10(c) is a series gate employing two MOS- 
FETs. This circuit is particularly suitable where the load has a very high 
input resistance. When Q x is on, the signal voltage is switched to the load, 
and Q 2 is off. When Q x is off, the load voltage should be zero. With Q 2 on 
at this time, the output voltage is 

Ud{ off) f° r Q \ ) x (^o(on) f° r Qi) 

When typical values of 0.1 nA and 3012 are used, the unwanted output 
voltage is only 3 nV. 


REVIEW QUESTIONS AND PROBLEMS 

11-1 Sketch the circuit of a diode sampling gate. Show' the voltage 
waveforms, explain the operation of the circuit, and discuss the 
error sources. 

1 1-2 Repeat Problem 1 1-1 for a bipolar transistor series sampling gate. 

11-3 Explain how a bipolar transistor series sampling gate functions 
when the input signal is alternately positive and negative w'ith 
respect to ground. 

11-4 Design a bipolar transistor series gate to sample a signal with a 
peak amplitude of 3 V and a source resistance of 200 il. Calculate 
the output errors due to F C£(sal) and I eo . 

1 1-5 Repeat Problem 11-1 for a bipolar transistor shunt sampling gate. 

11-6 Design a bipolar transistor shunt gate to sample a signal current 
with a peak amplitude of 1 mA. Calculate the output errors due to 
^c£(sat) an d Ieo- 


SAMPLING GATES 


304 

11-7 

11-8 
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Repeat Problem 1 1-1 for a JFET series sampling gate. State the 
precautions necessary for inverted operation of the JFET. 

A signal of 1 ,5 V with a very low source resistance is to be sampled 
and passed to a circuit with R t = 20 kQ. Design a suitable JFET 
gate circuit, and estimate the output errors. 

Repeat Problem 1 1-1 for a JFET shunt sampling gate. 

A 200 ^ A signal current is to be sampled and passed to a circuit 
with Rj = 15kST Design a suitable JFET gate, and estimate the 
output errors. 

Sketch circuits for MOSFET shunt, series, and series-shunt sam- 
pling gates. Show waveforms and explain the operation of the cir- 
cuits. 

Compare the performances of bipolar transistors, JFETs, and 
MOSFETs as sampling gates. 


Chapter 12 


Digital Counting 


INTRODUCTION 

Because the bistable multivibrator, or flip-flop, has two stable states, it can 
be used to count up to two. A cascade of four flip-flops can count up to six- 
teen. The scale-oe-16 counter can be modified to produce a decade counter, 
which has an output in the form of a binary number. For counting in 
decimal form, a binary number must be converted to decimal. A further 
conversion stage usually is necessary to drive a numerical display. Decade 
counters and their numerical displays can be cascaded to construct systems 
for counting to hundreds, thousands, tens of thousands, etc. 


12-1 FLIP-FLOPS IN CASCADE 

The schematic diagram of four flip-flops (FF) connected in cascade is 
shown in Figure 12-1. Each flip-flop is a collector-coupled circuit, and 
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each has symmetrical collector triggering. Negative-going input pulses 
are applied to FF1 via coupling capacitor C,. Each time an input pulse 
is applied, FF1 will change state. The triggering circuit for FF2 is 
coupled via capacitor C 2 to transistor Q 2 in FF1. When Q 2 switches off, 
its collector voltage rises, applying a positive voltage step to C 2 . Since 
a negative-going voltage is required to trigger these flip-flops (see Chap- 
ter 9), FF2 is not affected by the positive-going voltage. When Q 2 switches 
on, its collector voltage drops, thus applying a negative voltage step to 
FF2 via C 2 . This negative voltage change triggers FF2. In a similar way, 
FF3 is triggered from FF2, and FF4 is triggered from FF3. It is seen 
that each flip-flop is triggered from each preceding stage. 

The four-stage cascade in Figure 12-1 can have a number of combi- 
nations of flip-flop states. In Figure 12-2, the flip-flops are shown in block 
form with the arrowheads indicating that each is triggered from the pre- 
vious stage. The state of each of the four flip-flops is best indicated by 
using the binary number system, where 0 represents a voltage at or near 
ground level and l represents a positive voltage level (see Figure 12-2). 
When a transitor is on, its collector voltage is low and is represented by 0 . 
An off transistor, on the other hand, has a high collector voltage and is 
designated 7. In the decimal system, counting goes from 0 to 9, then the 
next count is indicated by 0 in the first column and 1 in the next leftward 
column. In the binary system, the count in all columns can go only from 
0 to 7. Thus the count for 7 in both binary and decimal systems is 7; in the 
binary system, the count for decimal 2 is indicated by 0 in the first column 
and 7 in the next leftward column. Thus, binary 10 is equivalent to 
decimal 2. The next count in a binary system is 7 7 and is followed by 100 . 
The table of 0’s and 7’s showing the state of the flip-flops at each count is 
known as a truth table. 

Suppose, before any pulses are applied, the state of the flip-flops is 
such that all even-numbered, ( i.e ., left-hand) transistors are on. Reading 
only the even-numbered transistors (i.e., in Figure 12-2) from left to right, 
the binary count is 0000. At this time the decimal count is 0 and the 
binary count is 0. 

The first trigger pulse causes (7, to switch on and Q 2 to switch off. 
Thus, Q 2 reads as 7 (positive), and the binary count and decimal count are 
both 7. The second input trigger pulse causes FF1 to change state again, 
so that (7, goes off and Q 2 switches on. When Q 2 switches on, a nega- 
tive step is applied to FF2 triggering Q l on and Q 4 off. Now' the binary 
count is 70, and the decimal count is 2. The third input pulse triggers £7, 
on and Q 2 off once again. This produces a positive output from FF1, 
which does not affect FF2. At this time, the binary count is 77, for a deci- 
mal count of J. The fourth trigger pulse applied to the input, switches Q x 
off and Q 2 on. Q 2 coming on produces a negative step which causes (7 3 to 
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(a) Block diagram 


FF 4 FF 3 FF 2 FF 1 



Trigger 

input 







Binary 

Decimal 

(b) Truth table 



count 

count 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

0 

0 

1 

0 

10 

2 

0 

0 

1 

1 

11 

3 

0 

1 

0 

0 

100 

4 

0 

1 

0 

1 

101 

5 

0 

1 

1 

0 

110 

6 

0 

1 

1 

1 

111 

7 

1 

0 

0 

0 

1000 

8 

1 

0 

0 

1 

1001 

9 

1 

0 

1 

0 

1010 

10 

1 

0 

1 

1 

1011 

11 

I 

1 

0 

0 

1100 

12 

1 

1 

0 

1 

1101 

13 

1 

1 

1 

0 

1110 

14 

1 

1 

1 

1 

mi 

15 

0 

0 

0 

0 

0000 

16 


FIGURE 12-2. Block diagram and truth table for four flip-flops 
as a scale-of-16 counter. 


go off and Q 4 to switch on. Q 4 switch-cw, in turn, produces a negative 
voltage step which switches Q s on and Q b off. Now the binary count is 
read from the flip-flops as 100 , and the decimal count is 4. 

The counting process is continued with each new pulse until the 
maximum binary count of 1 111 is reached. This occurs when 15 input 
pulses have been applied. The sixteenth input switches Q 2 on once more, 
producing a negative pulse which triggers Q 4 on. Q 4 output is a negative 
pulse which triggers Q e on, and Q b output triggers Q s on. Thus, the four 
flip-flops have returned to their original states, and the binary count has 
returned to 0000. Including the zero condition, it is seen that the four 
flip-flop in cascade can have 16 different states. Therefore, the circuit is 
termed a scale-of-16 counter. 

The collector voltage levels for the scale-of-16 counter are shown as 
waveforms in Figure 12-3. The waveform for Q xc shows that transistor Q x 
is initially off; its collector voltage is high and therefore is designated l . 
Q 2 is initially on, with its collector voltage at 0. Each time a trigger pulse 
is applied, (J, and Q 2 change state. Q iC and Qa c are initially / and 0, 
respectively, and they change state each time () 2 r 8 oes from 1 to 0, that is, 
when FF1 produces a negative-going output. This occurs on every second 
input pulse. Q 5C starts as 1 and Q bC as 0, and they change state only when 
Q 4C goes from 1 to 0, which is at every fourth input pulse. Finally, the 
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FIGURE 12-3. Collector waveforms for scale-of- 1 6 counter. 


waveforms for Q 1C and Q %c show that initially Q 1C is / and Q %c is 
0, and that they change state when Q 6C becomes negative, that is, at every 
eighth input pulse. On the sixteenth input pulse all flip-flops change state, 
and the collector voltages return to their original levels. 

The scale-of-16 counter actually can be used to divide the input pulse 
frequency by a factor of 16. Reference to the collector waveforms in 
Figure 12-3 shows that a negative-going voltage is produced at (2 8 collec- 
tor after 16 input pulses. Another negative-going step will occur again at 
Q %c after another 16 input pulses. Hence, the name divide-hy-16 counter 
is sometimes applied to this circuit. An output taken from FF3 will pro- 
duce a pulse frequency which is the input PRF divided by 8. Similarly, 
the output of FF2 divides the input by 4. 
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12-2 DECADE COUNTER 

The scale-of-16 counter has many applications. However, there are also a 
great many instances in which a scale-of-10, or decade , counter is required. 
A decade counter also requires the use of a cascade of four flip-flops. 
Three flip-flops would count only up to seven, and then on the eighth 
pulse the count would revert to the 000 starting condition. This can be 
seen in Figure 12-2. Therefore, to produce a decade counter, a scale-of-16 
must be modified to eliminate six of the sixteen states. This can be done 
by eliminating either the first six states or the last six states, or, perhaps, 
by eliminating some of the intermediate states. 

When the first six states of a scale-of-16 counter are to be eliminated, 
the counter must always have an initial condition of 01 10 (decimal 6 in 
Figure 12-2). To obtain this condition, transistors Q 4 and Q 6 must be in 
the off state. Q 4 and Q 6 can be reset to off by the asymmetrical base 
triggering circuit shown in Figure 12-4. (Asymmetrical base triggering is 
discussed in Sec. 9-5.) When Q % switches on, its collector voltage drops, 
providing a negative step which forward-biases D x and /) 3 , and triggers 
Q 6 and Q 4 off. Figures 12-2 and 12-3 show that Q % switches on when the 
sixteenth input pulse is applied. Therefore, at the end of the count of 16, 



FIGURE 12-4. Resetting Q 4 and Q 6 from Q%. 
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the flip-flops are set to 0110. The block diagram, truth table, and col- 
lector waveforms for the decade counter are shown in Figure 12-5. 

In Figure 12-5(a), the line from FF4 to FF2 and FF3 indicates that 
these flip-flops are reset by the output from FF4. The initial state of the 
four flip-flops (i.e., at decimal 0) is read in Figure 12-5(b) as 0110. The 
first input pulse now changes the state of FF1 causing Q 2 to switch off. 
Thus the collector of Q 2 becomes 1 (i.e., high positive), and the condition 
of the counter is 0111. This also is illustrated by the collector waveforms 
in Figure 12-5(c). The second input pulse (decimal 2) again changes the 
state of FF1, this time causing Q 2 to switch on. The output from Q 2 is a 
negative step which triggers FF2 switching Q 4 on. This, in turn, produces 
a negative step which triggers FF3 from Q 6 off to Q b on. The output from 
FF3 triggers FF4. Counting continues in this way, exactly as explained 
for the scale-of-16 counter, until the tenth pulse. The ninth pulse sets the 
counter at 1111, and the tenth pulse changes it to 0000. However, as Q % 
switches on, it provides the negative output step which resets FF2 and 
FF3. The flip-flops have then returned to their initial conditions of 0110 , 
and it is seen that the circuit has only ten different states. 

The waveforms in Figure l2-5(c) indicate that a negative output step 
is generated at Q %c each time the tenth input pulse is applied. Thus, the 
decade counter can be employed as a divide-by-IO counter. Before count- 
ing begins, a decade counter (or scale-of-16 counter) must have its flip- 
flops set in the correct starting condition. This can be accomplished by 
the manual resetting arrangement shown in Figure 12-6(a). When switch 
5, is closed, the diodes are forward-biased and the transistor bases are 
pulled below ground level. Thus, transistors (7,, Q 4 , Q 6 , and Q-, are 
switched off giving the desired initial condition for the decade counter. 

The flip-flops can also be reset automatically in their initial condition 
by the CR circuit addition in Figure 12-6(b). When the supply voltages 
are first switched on, the capacitor behaves as a short-circuit. Therefore, 
the diode cathode voltages are at — V, and the transistors are biased off. 
After a brief time period, C, charges to +V via resistor R. Now the diodes 
are all reverse-biased, and the reset circuit has no further effect. 

Figure 12-7 shows a further modification of the circuit for resetting 
the flip-flops. Diode D 5 serves to isolate R and C from the rest of the 
reset circuit. When the cathodes of D x to D 4 are pulled down, D s is 
reverse-biased. D b and Z) 7 , together with coupling capacitor C 2 , form a 
triggering circuit. A negative-going voltage step applied to C 2 generates a 
negative pulse at the cathode of Z) 6 . This forward-biases /) 6 , £>,, /) 2 , D 2 , 
and D 4 , causing the flip-flop to reset. Thus, as well as being reset to its 
starting condition when the supply is switched on, the counter can be reset 
to zero at any time by the application of a negative voltage step. 
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(a) Block diagram 
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(b) Truth table showing state of transistor collector 


1 2345 6789 10 



(c) Collector waveforms 


FIGURE 12-5. Block diagram and truth table for four flip-flops 
as decade counter. 
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FIGURE 12-6. Resetting a decade counter to zero. 



FIGURE 12-7. Resetting to zero by pulse. 
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12-3 INTEGRATED CIRCUIT 
COUNTERS 

The block diagram and voltage waveforms for an MC939.MC839 divide- 
by-sixteen integrated circuit counter are shown in Figure 12-8. In the 
block diagram. Figure 12-8(a), each flip-flop has two outputs, Q and Q. 
The set (S') and clear (C) terminals of each flip-flop have AND gates 
with terminals S x , S 2 , and C,, C 2 . Additional set and clear terminals are 
also provided, S D and C D respectively. The S D inputs all have separate 
terminals identified as S DX , S D2 , S D} , and S D4 . The C D inputs are com- 
moned to one external terminal designated C D . External connections, (9,, 
Q 2 , (? 3 , and Q 4 , are provided for one output from each flip-flop. Terminal 
CP is the input for the clock pulse, or triggering signal. 

Now consider the circuit waveforms in Figure 12-8(b) as well as the 
block diagram. The waveforms show that the starting voltages are low at 
outputs Qi, Q 2 y (9 3 , and (? 4 . Thus, the outputs can all be represented 
as logic 0. The first waveform change takes place when the C D input 
becomes positive ( i.e it goes from 0 to I). This has no effect on the 
outputs (9, to Q 4 . At the end (i.e., right-hand side) of the waveforms il- 
lustrated, the C D input returns to 0. Jusf prior to this, the outputs Q x to 
Q a were all at l (positive), and the negative-going C D input has the effect 
of resetting all the outputs to 0. Thus, the C D input is a dear or reset input 
triggered by a negative-going voltage. 

Returning to the left-hand side of the waveform diagram, the clock 
pulse input (CP) going from 0 to I has no effect on the state of the counter 
outputs. When CP becomes negative (I to 0), Q x output goes from 0 to / . 
To see why this occurs, note that (9, is connected back to S x at the input 
of the set AND gate. Also the initial condition of (?, is low (0). When the 
pulse provides another low level (0 level) at S 2 , th e set AND gate has two 0 
inputs. Therefore, the AND gate provides a signal to the set terminal of 
the first flip-flop. This signal changes the output state of (?, from 0 to /. 
The clock signal also provides a 0 input to C, at the dear AND gate. 
However, since Q x is at l when Q x is 0, the input to C 2 is 1 . Conse- 
quently the clear AND gate is not triggered by the 0 level clock pulse 
input. 

The second clock pulse has no effect on the state of the counter as it 
goes from 0 to /. Once again, however, when CP becomes negative (?, 
changes state and Q 2 also changes state. Prior to the input of the second 
clock pulse, Q x is at / and Q 2 is at 0. Therefore, a 0 clock input at S 2 can- 
not trigger the set AND gate. But th cO input to C, along with the 0 input 
applied from Q x to C 2 does trigger the clear AND gate, and resets Q x to 0. 
When Q x returns from / to 0, it provides a negative step to the S 2 input 
terminal of the second flip-flop. Since the input to S x at this time is also 
0 (from Q 2 ), the second flip-flop is triggered, and Q 2 goes from 0 to I . 
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FIGURE 12-8. Block diagram and waveforms for MC939.MC839 
integrated circuit divide-by-sixteen counter. (Courtesy of Motorola, 
Inc.) 
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FIGURE 12 - 9 . Block diagram and waveforms for MC938.MC838 
integrated circuit decade counter. (Courtesy of Motorola, Inc.) 
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The changing state of the counter at each negative-going edge of the 
clock pulse can be examined by continuing the process discussed above. 
The waveforms show that the sixteenth clock pulse returns the counter to 
its initial condition. Also, it is seen that a negative-going pulse at S D] 
causes Q x to go from 0 to I . Negative-going pulses at S D2 , S D} , and S D4 
have a similar effect on Q 2 , (? 3 , and Q 4 , respectively. 

An integrated circuit decade counter is illustrated by the block dia- 
gram and waveforms of Figure 12-9. This can be thought of simply as a 
modified version of the divide-by-16 counter considered above. One modi- 
fication is that terminal C, at the clear AND gate of the fourth flip-flop 
is connected to Q x . This means that the fourth flip-flop is cleared to 0 
(at Q 4 ) only when Q x and Q (at C 2 ) are both at 0. Another modification 
is that Q of the fourth flip-flop is connected to S } at the set AND gate 
of the second flip-flop. This {set) gate is now a three-input terminal AND 
gate. Consequently, it provides an output to the S’ terminal of the second 
flip-flop only when Q (of the fourth flip-flop) and Q x and Q 2 are all at 0. 

By careful consideration of the waveforms in Figures 12-8 and 12-9, 
it is found that the last six states of the divide-by-16 counter are eliminated 
in the decade counter. 

Each of the two counters analyzed above operates from a 5 V supply, 
and dissipates 150mW (typical). The maximum counting frequency for 
each is 30 MHz. 

EXAMPLE 12-1 

Using 1 to represent a positive level and 0 to represent ground level, 
write the binary numbers which represent the conditions of Q x to Q 4 for 
the l c decade counter. Do this for all decimal counts from 0 to 10. 

solution 


The solution is taken from the 

waveforms in Figure 12-9: 

Terminals — * Q x 

ft 

ft 

ft 

Decimal count 

0 

0 

0 

0 

0 

1 

0 

0 
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1 
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0 

0 

2 

1 

1 

0 

0 

3 

0 

0 

1 

0 

4 

1 

0 

1 

0 

5 

0 

1 

1 

0 

6 

1 
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0 
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12-4 DIGITAL DISPLAYS 
OR READOUTS 

12-4.1 Light Emitting Diode Display 

Charge carrier recombination occurs at a /w-junction as electrons cross 
from the rt-side and recombine with holes on the /7-side. When recombina- 
tion takes place, the charge carriers give up energy in the form of heat 
and light. If the semiconductor material is translucent the light is emitted, 
and the junction is a light source, that is, a light emitting diode (LED). 

Figure 12- 10(a) shows a cross-sectional view of a typical LED. 
Charge carrier recombinations takes place in the /7-type material; there- 


Charge carrier 
recombination 



Metal film 
anode 

connections 


Diffused 
p- type 

Epitaxial 

/z-type 


(a) LED cross-section 




(b) LED controlled by 
a transistor switch 


(c) LED numerical display 


FIGURE 12-10. Light emitting diode (LED) cross-section, con- 
trol circuit, and seven-segment numerical display. 
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fore, the /^-region becomes the surface of the device. For maximum light 
emission, a metal film anode is deposited around the edge of the p - type 
material, or sometimes in a comb-shaped pattern at the center of the sur- 
face. The cathode connection for the device usually is a gold film at the 
bottom of the n - type region; this helps reflect the light to the surface. 
Semiconductor material used for LED manufacture is gallium arsenide 
phosphide (Gs AsP) which emits either red or yellow light, or gallium 
arsenide (Ga As) for green or red light emission. 

The LED circuit symbol is shown in Figure 1 2- 1 0(b). Figure 

12- 10(c) illustrates the arrangement of a seven-segment LED numerical 
display. Each segment has several LEDs connected in series, and a single 
LED may be used as a decimal point. Passing a current through the ap- 
propriate segments allows any numeral from 0 to 9 to be displayed. The 
typical voltage drop across a forward-biased LED is 1.2 V, and typical 
forward current for reasonable brightness is about 20 mA. This relatively 
large current requirement is a major disadvantage of LED displays. 
Some advantages of LEDs over other type of displays are the ability to 
operate from a low voltage dc supply, ruggedness, rapid switching ability, 
and small physical size. The data sheet for a typical 7-segment LED dis- 
play is shown in Appendix 1-17. 

The simple transistor switch shown in Figure 1 2- 1 0(b) is a suitable 
on/off control for LEDs. Q t is driven into saturation by input current I B . 
Resistor R c limits the current through the devices. 


EXAMPLE 12-2 

The LED shown in Figure 1 2- 10(b) is to have a maximum forward current 
of 20 mA. The diode has a forward voltage drop of 1 .2 V, and transistor 
Qt has h FE{min) = 100. Using V cc = 5 V and K, = 5 V, determine suitable 
values for R c and R B . 

solution 

^CC = V D \ + I C Rc + ^C£(sat) 

n Vqc ~ V D \ — F Cf(sat) 

R c = 7 

l c 

= 5 V - 1.2 V - 0.2 V 
20 mA 

= 180f2 (standard value) 

/ - Ic 
*B ~ T 

"FE( min) 
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= — = 200 mA 
100 

K = i b Rb + ^ 


= — — - = 21.5 k 0 (use 18 kfi standard value) 

200 mA 


12-4.2 Liquid Crystal Displays 

Liquid crystal cell displays (LCD) usually are arranged in the same seven- 
segment numerical format as the LED display. There are two types of 
liquid crystal display, the dynamic scattering type and the field effect type. 
The construction of a dynamic scattering type liquid crystal cell is illus- 
trated in Figure 12-1 1(a). The liquid crystal material may be one of sev- 
eral organic compounds which exhibit the optical properties of a crystal 
though they remain in liquid form. Liquid crystal is layered between glass 
sheets with transparent electrodes deposited on the inside faces. When a 
potential is applied across the cell, charge carriers flowing through the 
liquid disrupt the molecular alignment and produce turbulence. When 
not activated, the liquid crystal is transparent. When activated, the mo- 
lecular turbulence causes light to be scattered in all directions, so that the 
cell appears quite bright. The phenomenon is termed dynamic scattering. 

The construction of a field effect liquid crystal display is similar to 
that of the dynamic scattering type, with the exception that two thin 
polarizing optical filters are placed at the inside surface of each glass sheet. 
The liquid crystal material in the field effect cell is also a different type 
from that employed in the dynamic scattering cell. Known as twisted 
nematic, this liquid crystal material actually twists the light passing 
through the cell when the cell is not energized. This allows light to pass 
through the optical filters, and the cell appears bright (it can also be made 
to appear dark). When the cell is energized, no tw isting of the light occurs 
and the cell remains dull. 

Liquid crystal cells may be transmit tive or reflective. In the trans - 
mittive type cell, both glass sheets are transparent, so that light from a rear 
source is scattered in the forward direction when the cell is activated. 
The reflective type cell has a reflecting surface on one of the glass sheets. 
In this case, incident light on the front surface of the cell is dynamically 
scattered by an activated cell. When activated, both the transmittive and 
reflective type cells appear quite bright even under high ambient light 
conditions. 
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Liquid Transparent 



(a) Construction of liquid crystal cell 



FIGURE 12-11. Construction and electrical drive arrangement 
for liquid crystal cells. 


Since liquid crystal cells are light reflectors or transmitters rather 
than light generators, they consume very small amounts of energy. The 
only energy required by the cell is that needed to activate the liquid 
crystal. The total current flow through four small 7-segment displays is 
typically about 25 n A for dynamic scattering cells and 300 mA for field 
effect cells. However, the LCD requires an ac voltage supply, either in the 
form of a sine wave or a square wave. This is because a direct current 
produces a plating of the cell electrodes, which could damage the device. 
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A typical supply for a dynamic scattering LCD is a 30 V peak-to-peak 
square wave with a frequency of 60 Hz. A field effect cell typically uses 
8V peak-to-peak. Figure 12-1 1(b) illustrates the square wave drive method 
for liquid crystal cells. The back plane, which is one terminal common to 
all cells, is supplied with a square wave. The other cell terminals each 
have square waves applied which are either in phase or in antiphase with 
the back plane square wave. Those cells with waveforms in phase with the 
back plane waveform [cells e and/ in Figure 12-1 1(b)] have no voltage de- 
veloped across them; therefore they are off. The cells with square waves in 
antiphase with the back plane input have an ac voltage developed across 
them ( e.g ., positive square waves with 15 V peak effectively produce 30 V 
peak-to-peak when in antiphase). Therefore, the cells which have square 
wave inputs in antiphase with the back plane input are energized and 
appear bright. 

The data sheet for the series 1603-02 liquid crystal display manu- 
factured by Industrial Electronic Engineers, Inc., is shown in Appendix 
1-18. The maximum. power consumption is listed as 20 pW per segment, 
giving 140 pW per numeral when all seven segments are energized. Com- 
paring this to the typical 400 mW per numeral for a LED display (see Ap- 
pendix 1-17), the major advantage of liqOid crystal displays is obvious. 
Perhaps the major disadvantage of the liquid crystal display is the decay 
time of 150 ms (or more). This is very slow compared to the 10 ns rise 
and fall times for the LED display. In fact it is so slow that the human 
eye can observe the fading-out of segments switching off. At low tempera- 
tures the response time of liquid crystal cells is considerably increased. 

The series 1603-02 LCD is described in the data sheet as a 3 A decade 
display . This means that the three righthand units are complete 7-segment 
units while the fourth (lefthand) unit is only a single segment which in- 
dicates numeral 1 when energized. This unit is referred to as a half unit, 
and the entire display is then described as a 3A decade display. The maxi- 
mum number that can be indicated by such a display is 1999. 

12-4.3 Tungsten Display 

Tungsten (or incandescent) numerical displays consist of seven small 
tungsten filament lamps placed behind lenses arranged in seven-segment 
format. The construction of a seven-segment tungsten display is illustrated 
in Figure 12-12, and the data sheet is shown in Appendix 1-19. The data 
sheet lists the power consumption for this device as 1.2 W maximum, 
which is three times the power consumed by the LED specified in Ap- 
pendix 1-17. However, the tungsten display shown is approximately twice 
the size of the LED display considered. 
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FIGURE 12-12. Seven-segment incandescent readout. ( Courtesy 

of A Ico Electronic Products, Inc.) 

12-4.4 Digital Indicator Tube 

The basic construction of a digital indicator tube is shown in Figure 
12-1 3(a), and its schematic symbol is illustrated in Figure 12-1 3(b). (Other 
names applied to this device are cold cathode tube and glow tube.) A flat 
metal plate with a positive voltage supply functions as an anode, and there 
are 10 separate wire cathodes, each in the shape of a numeral from 0 to 9. 
The electrodes are enclosed in a gas-filled glass envelope with connecting 
pins at the bottom. Neon gas usually is employed and it gives an orange- 
red glow when the tube is activated; however, other colors are available 
with different gases. 

When a voltage is applied across the anode and one cathode, elec- 
trons are accelerated from cathode to anode. These electrons collide with 
gas atoms, and cause other electrons to be emitted from the gas atoms. 
The effect is termed ionization by collision. Since the ionized atoms have 
lost electrons they are positively charged. Consequently, they accelerate 
toward the (negative) cathode, where they cause secondary electrons to 
be emitted when they strike. The secondary emitted electrons cause 
ionization and electron-atom recombination in the region close to the 
cathode. This results in energy being released in the form of light and 
produces a visible glow around the cathode. Since the cathodes are in 
the shape of numerals, a glowing numeral appears depending upon which 
cathode is energized. A transistor gate is usually employed at each 
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FIGURE 12 - 13 . Digital indicator tube, construction, and sche- 
matic symbol. 

cathode, so that the desired numeral can be switched on by a small input 
voltage. 

The circuitry for driving digital indicator tubes is simpler than that 
for seven-segment devices. However, high voltages (140 V to 200 V) are 
required for these tubes, and in general they are much bulkier than com- 
parable seven-segment devices. 

12-4.5 Seven-segment Gas Discharge Displays 

Gas discharge displays also are available in seven-segment format. In- 
tegrated circuits have been developed to drive these devices and to handle 
the high voltages involved. The mechanical construction of a seven- 
segment gas discharge display is illustrated in Figure 12- 14(a). It is seen 
that separate cathodes are provided in seven-segment (and decimal point) 
form on a base. Each seven-segment group has a single anode deposited 
on the covering face plate. The gas is contained in the space between the 
anodes and cathodes, and rear connecting pins are provided for all elec- 
trodes. A keep alive cathode is also enclosed with each group of segments. 
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(a) Construction of 7-segment 
gas discharge display 

(Courtesy of Beckman Instruments, Inc.) 


<b) 


Anode 



. LiL, 

8 


f 

b 




e 

c 


d 



Schematic symbol for 
7-segment gas discharge 
display 



a b e d e f g 


(c) Alternative schematic 
symbol for 7-segment 
gas discharge display 


FIGURE 12-14. Mechanical construction and circuit symbols for 
seven-segment gas discharge display. 

A 50 pA current maintained through the keep alive cathode provides a 
source of ions which improves the switch -on speed of the display. Two 
circuit symbols in general use for seven-segment gas discharge displays are 
shown in Figures 1 2- 14(b) and (c). 

The supply voltage required to operate gas discharge displays ranges 
from about 140 V to 200 V, and this is the most serious disadvantage of 
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these devices. High-voltage transistors must be employed as switches for 
the cathodes, and usually a separate high-voltage supply must be pro- 
vided. OlTsetting the disadvantage of high voltages is the fact that bright 
displays can be achieved with tube currents as low as 200 pA. Thus the 
drain on power supplies is minimal. 


12-5 BINARY TO DECIMAL 
CONVERSION 

The output of a decade counter can be given in binary form if collector 
voltages are read as 1 when high and 0 when low. For display purposes, 
it is necessary to convert this binary number to decimal. Figure 12-15 
shows the various binary states of a decade counter, and the circuitry re- 
quired to convert each state to a decimal indication. 

The diode matrix consists of diodes Z), to D ^ which have their 
cathodes connected to the collectors of the transistors in the decade 
counter. The anodes of the diodes are connected to the bases of gate tran- 
sistors (?, 0 to (? 19 . When one transistor is switched on, it grounds the se- 
lected cathode in the digital indicator tube. Since the anode of the in- 
dicating tube has a positive supply, anode current flows when one of the 
cathodes is grounded and the cathode glows. The transistor emitters are 
commoned and connected to ground via diode Z) 4I . The presence of Z) 41 
ensures that the base voltage of each transistor has to be approximately 
2 ^ BE above ground level for it to switch on. Each gate transistor has four 
diodes connected to its base. When the cathode of one or more of these 
diodes is at 0 (i.e., near ground level), the transistor base is held below the 
switching voltage. In this condition the transistor cannot switch on . 
When the cathodes of all four diodes connected to the base of any gate 
transistor are at /, the diodes are reverse-biased, and the transistor is 
biased on via base resistance R B . 

Consider the collector voltage levels and decimal count for the 
decade counter illustrated in Figure 12-15. For a decimal count of 0, read- 
ing all transistor collector levels, Q% to Q x are read as 01 10 10 01. 
Now, look at diodes Z),, Z) 2 , Z> 3 , and Z) 4 , which are connected to the base 
of (? 10 . The cathode of Z), is connected to Q 1 collector. The collector 
voltage of Q 1 is at 1 (i.e., positive); therefore Z), is reverse-biased. The 
cathode of Z) 2 is connected to Q bC , which is also at /, so Z) 2 is also reverse- 
biased. The cathode of Z> 3 is connected to Q 4C , and since Q 4C is at /, Z) 3 
is reverse-biased. Finally, Z) 4 has its cathode connected to Q ]C , which is 
also at /. Thus all four diodes at the base of (2 10 are reverse-biased. Base 
current flows from V BB via R B into the base of (? 10 . With Q l0 on, the 0 
cathode in the digital tube glows, indicating that the decimal count is 0 . 


Decade counter 



Transistor 

gates 


Digital 

indicator 

tube 



FIGURE 12-15. Binary to decimal conversion. 
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For a correct 0 indication, all other gate transistors (Q xx to Q X9 ) 
must be biased off. To check that this is the case, it is necessary to iden- 
tify only one forward-biased diode at the base of each transistor. Con- 
sider diodes D s to Z) 8 at the base of Q lt . The cathodes of D 5 , Z) 6 , and Z) 7 
are connected to transistor collectors which are at 1 when the decimal 
count is 0. Therefore, all three are reverse-biased. D 8 cathode is con- 
nected to Q 2 collector, which is at 0. Consequently, D % is forward-biased, 
and transistor Q xx is held in the off condition. For Q n , the cathodes of 
Z) 9 , Z) I0 , and D xx are connected to transistor collectors which are at 0 while 
the decimal count remains 0. Thus Q n is biased off. Other diodes with 0 
at their cathodes when the decade counter is in its decimal 0 condition are 
^13, ^14* D x() , Z)i7, D x $, D 2 \, D 22 , D 2 4 , D 25 , D 2 7 , D 2 9 , Z) 3I , D 32 , Z) 33 , Z) 37 , 

D 40 . It is seen that while the decimal count is 0, all transistors except Q xq 
have at least one forward-biased diode at their bases. Therefore, only Q xo 
is biased on, and only the 0 cathode glows in the digital indicator tube. 

A careful examination of the circuit conditions for any given decimal 
count shows that only the correct cathode is energized. All other cathodes 
have their transistor gates biased off. 

EXAMPLE 12-3 l 

In Figure 12-15, identify the forward-biased and reverse-biased diodes for 
a decimal count of 5. 

solution 

For decimal 5, the transistor collectors in the decade counter read 

10 01 10 10 . 

At the base of transistor @ I5 , diodes D 2X , D 22 , D 22 , and D 24 have their 
cathodes connected to 0 8 , Q s , Q 4 , and Q 2 , respectively. All these tran- 
sistors have collectors at /; therefore, diodes D 2X to D 24 are reverse-biased, 
Q s is biased on, and cathode 5 in the digital tube glows. 

Other reverse-biased diodes are Z) 3 , D n , Z) 8 , Z) 9 , Z) 10 , /) i3 , Z) 14 , 

^16! ^17» ^18’ ^I9» ^25’ ^29’ ^32> ^33’ ^35’ ^37 » ^39> ^40* 

The forward-biased diodes and their associated transistor gates are 

D x , D 2 , D 4 Q\0, D 5, Db Q[\ \ ^11* ^12 Q\2* — Qn\ ^20 — Q\a\ 

Dxn D 21 , D 2 8 — Q i6 ; Z) 30 , D 3X — Q\i\ D 34 , D 3(i Q\$\ D 3 $ (?i9* 


Figure 12-16 is a logic diagram for binary to decimal conversion. 
The Hip-Hop blocks have terminals as follows: trigger input T, set S, reset 
R , and outputs identified by their normal set conditions of 0 and 1 as 
shown. The triggering input pulses are applied to terminal T of FF 1 . Each 
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FIGURE 12-16. Logic diagram for binary to decimal conver- 
sion. 
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succeeding flip-flop has its trigger terminal connected to the 0 output of 
the preceding stage. This arrangement can be compared to the cascaded 
flip-flops in Figure 12-1, where each stage is triggered from the second 
transistor in the previous stage. The reset terminals of FF2 and FF3 are 
connected to the output of FF4. This corresponds with the reset circuitry 
in Figure 12-4. In Figure 12-16, the output terminals of the decade 
counter are identified as 0, c , Q 1C , etc. to show the correspondences with 
Figure 12-15. 

Diodes £>,, D 2 , £> 3 , and D A in Figure 12-15 constitute an AND gate. 
In Figure 12-16, these diodes are replaced by the AND gate symbol. Thus 
gate (7,0 represents D x to A*. Also gate (7,, represents diodes D s to 
Z) 8 , (7,2 represents D 9 to D n , etc - F‘g ure 12-16 the input terminals of 
AND gate (7, 0 are connected to the decade counter terminals in the same 
configuration as D, to D 4 in Figure 12-15. Thus, the inputs to G, 0 are 
Qic , 0 4 (?6c> and £? 7 c* Similarly, gate (7,, in Figure 12-16 is connected 
to the same decade counter terminals as D s to D 8 in Figure 12-15. The 
output of each AND- gate is connected to the base of the appropriate 
transistor gate. 

•T- 

EXAMPLE 12-4 

From the collector voltage levels shown in Figure 12-15, determine the 
input terminal connections for AND gate G l9 in Figure 12-16. 

solution 

Gate (7 , 9 should provide an output to transistor 0, 9 only when the decimal 
count is 9. For (7 19 to produce an output, all its input terminals must be 
positive (i.e., 1 ). From Figure 12-15, at the decimal count of 9, transistors 
0 8 , Q« Q and 02 have their collectors at /. Therefore, the inputs of 
G ]9 should be connected to the 0 0 0 0 output terminals of the decade 
counter in Figure 12-16. 


12-6 SEVEN-SEGMENT LED 
DISPLAY DRIVER 

The binary to decimal conversion circuitry already discussed is suitable 
for driving a digital indicating tube. However, it is not suitable for 
driving a seven-segment display. Binary to decimal conversion is neces- 
sary for a seven-segment display, but in addition another diode matrix is 
required to convert from decimal to seven-segment format. The re- 
quired diode matrix configuration is shown in Figure 12-17. 
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FIGURE 12-17. 


Decimal to seven-segment display conversion. 



332 


Chap . 12 DIGITAL COUNTING 


For the seven-segment display shown in Figure 12-17, the anodes of 
the light emitting diodes are commoned and have a positive supply 
voltage {+V). The cathodes from each segment (lettered a to £) have 
separate terminals. The transistor gates Q l0 to Q l9 of Figures 12-15 and 
12-16 are shown again in Figure 12-17. When the decimal count is 0 , gate 
Q ]0 is on. When the count is 7, gate Q u is on, etc. For a 0 indication, 
LED segments a , b , r, d , e , and / should be energized. Therefore, these 
segments are connected via diodes D 42 to D A1 to the collector of transistor 
Q a0 . The cathodes of the diodes are connected to the transistor collector 
so that they are forward-biased when (? 10 is on. With this transistor on the 
seven-segment display indication is □ as illustrated in Figure 12-17. 



FIGURE 12-18. Logic diagram for decimal to seven-segment dis- 
play conversion. 
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When the decimal count is /, segments b and c should be energized. 
These segments are connected via diodes Z) 48 and Z) 49 to the collector of 
transistor Q u . At the collector of transistor Q ]2 , diodes D 50 to D 54 connect 
to LED segments a , b , d , and g. When transistor Q n is on , these seg- 

ments are energized and display the numeral 2 as shown in the figure. At 
this time, only diodes D so to D 54 are conducting. No other diodes are con- 
ducting because only transistor Q 2 is on. Figure 12-17 shows the LED 
segments that are energized for each decimal count. 

Consideration of the diode matrix in Figure 12-17 reveals that the 
diodes connected to each LED segment constitute an AND gate. For seg- 
ment e , for example, diodes Z)^, Z) 52 , Z) 72 , and Z) 81 provide a low level 
at the segment cathode when any one of the diodes has a low input level. 
The segment cathode is high only when the inputs to all four diodes are 
high. The diode matrix can be replaced by a group of AND gates, as 
shown in the logic diagram of Figure 12-18. The AND gate inputs for 
each segment are the same as the cathode connections for the diodes 
associated with the segments in Figure 12-17. 


EXAMPLE 12-5 

Determine the input terminal connections for the AND gate connected to 
segment b in Figure 12-18. 

solution 

Consideration of the □ to □ display arrangements shows that segment b 
must be energized for display of numerals □, 1 , 2 , 3,4 , 7 , 13 , 3 . Therefore, 
\A\cAND gate input for segment b must be connected to transistors £> l0 , 
Ql\> Q\2 ’ (?) 3 ’ Q\4' Q\1 * (? 18 ’ an( ^ (? 19 * 


12-7 SCALE-OF-10,000 COUNTER 

One decade counter together with a seven-segment display and the neces- 
sary binary to seven-segment conversion circuitry can be employed to 
count from 0 to 9. Each time the tenth input pulse is applied, the display 
goes from 9 to 0 again. When this occurs, the output of the final transistor 
in the decade counter goes from / to 0 (see Figure 12-5). This is the only 
time that the final transistor produces a negative-going output, and this 
output can be used to trigger another decade counter. 

Consider the block diagram of the scale-of- 10,000 counter shown in 
Figure 12-19. The system consists of four complete decade counters and 
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displays. Starting from 0, all four counters can be set at their normal 
starting conditions. This gives an indication of 0000. The first 9 input 
pulses register only on the first (right-hand side) display. On the tenth 
input pulse, the first display goes to 0 , and a negative-going pulse output 
from the first decade counter triggers the second decade counter. The 
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FIGURE 12-19. Scale-of- 10,000 counter. 
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display of the second counter now registers /, so that the complete dis- 
play reads 0010 . The counter has counted to 10 , and has also registered 
10 on the display system. 

The next nine input pulses cause the first counter to go from 0 to 9, 
so that the display reads 0019 on the nineteenth pulse. The twentieth 
pulse causes the first display to go to 0 again. At this time, the final tran- 
sistor in the first decade counter puts out another negative pulse, which 
again triggers the second decade counter. The total display now reads 
0020 , w'hich indicates the fact that 20 pulses have been applied to the input 
of the first decade counter. It is seen that the second decade counter and 
display is counting tens of input pulses. 

Counting continues as described until the display indicates 0099 after 
the ninety-ninth input pulse. The one-hundredth input pulse causes the 
first two displays (from the right) to go to 0. The second decade counter 
emits a negative pulse at this time, which triggers the third decade counter. 
Therefore, the count reads 100. It is seen that the system shown in Figure 
12-19 can count to a maximum of 9999. One more pulse causes the dis- 
play to return to its initial 0000 condition. To increase the maximum 
count to 99999, it is necessary to add one more decade counter, together 
with a display, and binary to seven-segment conversion circuitry. 


12-8 COUNTER CONTROLS 

A simple system for switching the counter input pulses on and off is shown 
in Figure 12-20. The pulses to be counted are applied to one input of an 
AND gate. The voltage level at the other input of the gate is controlled by 
the output of a flip-flop. The input triggering pulses pass through the gate 



FIGURE 12-20. Starting and stopping a counter. 
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to the counter only when the flip-flop output is at its 1 level, that is, when 
it is high. The flip-flop can be reset to / output by switching a nega- 
tive input voltage to the reset R terminal. The manual start control shown 
in the figure is provided for this purpose. A connection to the reset input 
of each decade counter (see Figure 12-7) ensures that the counting circuits 
return to 0 condition before counting begins. The manual stop control 
provides a negative voltage which returns the flip-flop to its original set 
condition. This applies a 0 to the AND gate input, and thus stops the 
pulses to be counted from passing through. 

The flip-flop can also be triggered, and consequently counting can 
be started, by means of a negative start-counting pulse applied to the 
reset terminal as shown in Figure 12-20. Similarly, a negative pulse ap- 
plied to these/ terminal of the flip-flop interrupts the passage of pulses to 
the counter. The waveforms in the figure show that counting pulses pass 
through the AND gate only during the time interval between application 
of start-counting and stop-counting pulses. 


REVIEW QUESTIONS AND PROBLEMS 

12-1 Sketch the complete circuitry for four cascaded flip-flops. Briefly 
explain the triggering process. 

12-2 Sketch a block diagram for a scale-of-16 counter. Reading only 
the left-hand transistors in each flip-flop, prepare a truth table 
showing the state of the counter after each input pulse from 0 to 
16. Explain the procedure. 

12-3 Sketch the waveforms of collector voltages for every transistor in 
a scale-of-16 counter for input pulses from 0 to 16. Briefly explain 
each waveform change. 

12-4 Briefly explain how a scale-of-16 counter can be converted to a 
decade counter. Identify the flip-flops which must be reset in the 
process, and show which of 16 states of the counter are eliminated. 

12-5 Sketch circuitry employed for resetting flip-flops when a scale- 
of-16 is converted to a decade counter. Briefly explain. 

12-6 Sketch the block diagram of a decade counter. Prepare a table 
that shows the state of the counter after each input pulse from 0 to 
10. Also show the collector waveforms for the even-numbered 
transistors. Explain the waveforms and the states of the counter. 

12-7 Identify the transistors in a decade counter that should be reset to 
0 before counting commences. Sketch suitable circuitry for (a) 
manual resetting, (b) automatic resetting, (c) resetting by pulse 
input. Briefly explain each circuit. 
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12-8 Refer to the logic block diagram for an MC939.MC839 integrated 
circuit divide-by- 16 counter in Figure 12-8(a). Sketch waveforms 
showing the counter output voltage levels after each input pulse. 
Explain the operation of the counter. 

12-9 Show how the MC939.MC839 scale-of-16 counter is modified to 
produce the MC938.MC838 IC decade counter. Also sketch the 
output waveforms of the decade counter. 

12-10 Explain the operation of a light-emitting diode. Sketch the cross 
section of an LED, and identify and explain all component parts 
of the device. 

12-11 Discuss the current and voltage requirements of an LED. Sketch 
the circuit symbol for the device, and show how it is employed in 
a seven-segment numerical display. 

12-12 Three series-connected LEDs are to have 15 mA passed through 
them from a —9 V supply when energized. A pnp transistor with 
h FE{ min) = 75 is to be used as a switch. The input voltage to the 
transistor is -9 V. Sketch an appropriate circuit and determine 
the resistor values required. 

12-13 Explain the operation of a liquid crystal cell. Sketch the cross 
section of a liquid crystal cell and identify and explain each com- 
ponent part. 

12-14 Explain transmittive type and reflective type liquid crystal cells. 
Discuss the voltage and current requirements for liquid crystal dis- 
plays, and show how square waves are employed to drive a seven- 
segment liquid crystal display. 

12-15 Explain the construction of 7-segment tungsten displays, and dis- 
cuss their characteristics. 

12-16 Using sketches, explain the construction of a digital indicator 
tube. Also sketch the schematic symbol for the device and explain 
its operation. 

12-17 Using sketches, explain the operation of a seven-segment gas dis- 
charge display. Discuss the current and voltage requirements for 
the display, and explain the function of the keep-alive cathode . 
Sketch two schematic symbols in general use for seven-segment 
gas discharge displays. 

12-18 Show how a diode matrix may be employed for binary to decimal 
conversion. Sketch the complete circuit of the diode matrix, tran- 
sistor gates, and digital indicator tube. 

12-19 For the diode matrix in the binary to decimal conversion cir- 
cuitry sketched for Problem 12-18, identify the diodes that are 
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forward-biased and those that are reverse-biased at a decimal 
count of 6 and at a decimal count of 3. 

12-20 Sketch a complete logic diagram for binary to decimal conversion. 
Briefly explain how the system functions. 

12-21 Sketch a complete diode matrix for driving a seven-segment dis- 
play from a digital input. Explain the operation of the circuitry, 
and identify the segments of the display that are energized for each 
decimal input. 

12-22 Sketch a complete logic diagram for decimal to seven-segment 
display conversion. Briefly explain how the system functions. 

12-23 Draw the block diagram of a scale-of- 1 ,000 counter. Explain the 
operation of the system. 

12-24 Draw the block diagram of a control system that will start and 
stop a counter manually and by means of input pulses. Show the 
waveforms of input, output, and control voltages. Explain the 
operation of the system. 


Chapter 1 3 


Digital Frequency Meters 
and Digital Voltmeters 


INTRODUCTION 

If a pulse waveform is fed to the input of a digital counter for a time period 
of exactly one second, the counter indicates the frequency of the waveform. 
Suppose the counter registers 1000 at the end of a second; then the fre- 
quency of the input is 1000 pulses per second. Essentially, a digital fre- 
quency meter is a digital counter combined with an accurate timing system. 
The timing system usually is such that the input frequency is sampled re- 
peatedly. This necessitates the use of a latch, which keeps the display 
constant while the frequency remains unchanged. 

A dc voltage can he converted to a frequency which is directly propor- 
tional to the voltage. Then this frequency can be measured by a digital fre- 
quency meter and the output is read as a voltage. Several methods of con- 
verting from voltage to frequency are available. 
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13-1 TIMING SYSTEM 

A block diagram and voltage waveform of a typical timing circuit for a 
digital frequency meter are shown in Figure 13-1 . The source of the time 
interval over which input pulses are counted is a very accurate crystal- 
controlled oscillator usually referred to as a clock source. The crystal 
usually is enclosed in a constant temperature oven to maintain a stable 
oscillation frequency. 

The output frequency from the final flip-flop of a decade counter is 
exactly one-tenth of the input triggering frequency (see Chapter 12). This 
means that the time period of the output waveform is exactly ten times the 
time period of the input waveform. The 1 MHz output from the crystal 
oscillator in Figure 13-1 has a time period of 1 (is, and the output wave- 
form from the first decade counter has a time period of 10/xs. The time 
period of the output from the second decade counter is 100 /is, and that 
from the third is 1 ms, etc. With all six decade counters, the available 
time periods are 1 /is, 10 /is, 100 /is, 1 ms, 10 ms, 100 ms, and 1 second. 

When the counting circuits in a digital frequency meter are triggered 
for a period of 1 second, the display registers the input frequency directly. 
A count of 1000 cycles over the 1 second period represents a frequency of 
1000 Hz or 1 kHz, a 5000 display indicates 5000 Hz, etc. These figures are 
more easily read when a decimal point is placed after the first numeral and 
the output is identified in kilohertz. Thus a display of 1.000 is 1 kHz, 

5.000 is 5 kHz, and 5.473 is 5.473 kHz. In an LED display, the decimal 
point is created by use of a single suitably placed light-emitting diode. 
Also, a kHz indication usually is displayed. 

Now consider the effect of using the 100 ms time period to control 
the counting circuits. A display of 1000 now means 1000 cycles per 
100 ms. This is 10,000 cycles per second or 10 kHz. When the time period 
is switched from 1 second to 100 ms, the decimal point also is switched 
from the first numeral to a position after the second numeral. The 10.00 
display is now read as 10.00 kHz, 50.00 is read as 50.00 kHz, etc. 

When the time period is switched to 10 ms, the decimal point is 
moved to a new position after the third numeral on the display. A 100.0 
display now becomes 1 00.0 kHz. Since this is the result of 1000 cycles 
of input counted over a period of 10 ms, the actual input frequency is 
(1000/10 ms), that is, 100 kHz. With 1 ms time period, a display of 1000 
indicates 1000 cycles during 1 ms, or 1 MHz. The decimal point is now 
moved back to its original position after the first numeral, and a MHz in- 
dication is displayed. Therefore, the display of 1.000 with a 1 ms time 
base is read as 1.000 MHz. If the 100 /is and 10/is time periods are used, 
the decimal point is again moved so that the 1000 indication becomes 

10.00 MHz and 100.0 MHz, respectively. 
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Decade 

counter 



FIGURE 13-1. 


Time base generation for digital frequency meter. 
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EXAMPLE 13-1 

A 3.5 kHz sine wave is applied to a digital frequency meter. The time 
base is derived from a 1 MHz clock generator frequency divided by decade 
counters. Determine the meter indication when the time base uses (a) six 
decade counters and (b) four decade counters. 

solution 

(a) When six decade counters are used: 

Time base frequency = j\ = - = 1 Hz 


Time base = /, = = — ! — = 1 sec 

/. 1 Hz 

Cycles of input 

counted during t ] = Input frequency x t x 
= 3.5 kHz x 1 sec 
= 3,500* 

Thus, the display indication is 3500. 

(b) When four decade counters are used: 


Time base frequency = f 2 = 


1 MHz 

10 4 


100 Hz 


Time base = t 2 


h 


1 

100 Hz 


10 ms 


Cycles of input 

counted during t 2 = Input frequency x t 2 
= 3.5 kHz x 10 ms 


= 35 


Thus, the display indication is 0035. 


13-2 LATCH CIRCUITS 

If the display devices in a digital frequency meter are controlled directly 
from the counting circuits, the display changes rapidly as the count pro- 
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gresses from zero. Suppose the input pulses are counted over a period of 
1 second, and then the count is held constant for 1 second. The display 
alternates between being constant for one second and continuously chang- 
ing for the next second. Therefore, the display is quite difficult to read, 
and the difficulty is increased when shorter time periods are employed for 
counting. To overcome this problem, latch circuits are employed. 

A latch isolates the display devices from the counting circuits while 
counting is in progress. At the end of the counting time, a signal to the 
latch causes the display to change to the decimal equivalent of the final 
condition of the counting circuits. If the input frequency is constant, as 
is usually the case, the displayed count remains constant. The counting 
circuits continue to sample the input frequency, and the latches are re- 
peatedly triggered to check the displays against each final state of the 
counting circuits. 

Figure 13-2 illustrates the use of JK flip-flops as latch circuits. The 
input ( J and K) terminals of the flip-flops are connected to the collectors 
of the transistors in the decade counter. The flip-flop outputs are fed to 
the binary-to-decimal diode matrix (Figure 12-15). The latching signal is 
applied to the clock input terminal c of each JK flip-flop. 

The theory of the JK flip-flop is explained in Sec. 9-7 and a circuit 
diagram is shown in Figure 9-13. When triggered, the flip-flop outputs 


To decade counter 


Qsc Qic QbC Qsc Q*c Qsc Qic Qic 



To diode matrix 


FIGURE 13-2. JK flip-flops operated as latch circuits. 
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assume the level of the J and K input terminals. The output then re- 
mains constant until another trigger (i.e, latch) input is applied. If the 
input levels have changed, the output will change. If the input levels are 
the same as before, the flip-flop outputs remain unaltered. Thus, the latch 
circuits sample the output levels of the decade counter, and pass these 
levels to the diode matrix. Since sampling occurs only when a latch sig- 
nal is applied, the inputs to the diode matrix remain constant during the 
time interval between latch signals. Therefore, the numerical display de- 
vices also remain in a constant state during this time, and the counting 
circuits can go from zero to maximum count without affecting the display. 


13-3 DIGITAL FREQUENCY METER 

The block diagram of a digital frequency meter is shown in Figure 13-3, 
and the voltage waveforms for the system are illustrated in Figure 13-4. 
The input signal which is to have its frequency measured is first amplified 
and then fed to a Schmitt trigger circuit. Amplification ensures that the 
signal amplitude is large enough to trigger the Schmitt circuit, and the 
Schmitt circuit produces a square wave output of the same frequency as 
the input. A square wave is required for triggering the counting circuits. 
Before it gets to the counting circuits, however, the square wave must 
pass through an AND gate. 

The square wave passes to the counting circuits only when output 1 
from the flip-flop is at logic 1 {i.e., positive). The flip-flop changes state 
each time a negative-going output is received from the timer. Therefore, 
when T = 1 sec (see Figure 13-4) the flip-flop output is alternately at 
level 1 for one second and at level 0 for one second. Consequently the 
AND gate is alternately on for one second and off for one second. During 
the time that the AND gate is on, the Schmitt output triggers the count- 
ing circuits. The exact number of input pulses are counted during that 
time and, as already discussed, when T = 1 second the count is a 
measure of the input frequency. The timer has six (or more) available 
output time periods over which counting can take place. The desired 
time period is selected by means of a switch, as shown in Figure 13-3. A 
separate decimal point selector switch moves with the time base selector. 

Output 2 from the flip-flop is in antiphase to output 1 (see Figure 
13-4). This waveform is employed for resetting the counting circuits, 
and for opening and closing the latches. At the beginning of the counting 
time, output 2 from the flip-flop is a negative-going voltage. This triggers 
the reset circuitry in each decade counter. Since flip-flop output 2 is at 
logic 0 during the counting time, its application to the latching circuits 
ensures that each latch is off. That is, during the counting time, nothing 
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FIGURE 13-3. 


Block diagram of a digital frequency meter. 
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Input waveform 


'asr \f\p xj 


Schmitt 

output 


Timer 

output 


Flip-flop 
output 1 


Flip-flop 
output 2 


AND gate 
output 



FIGURE 13-4. 


Waveforms for a digital frequency meter. 
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passes through the latching circuits. At the end of the counting time, the 
waveform fed to the latch inputs goes to logic /. This triggers each latch 
on so that the conditions of the displays are corrected, if necessary, 
to reflect the states of the counting circuits. During the latch on time, 
the AND gate is off and no counting occurs. Therefore, once corrected, 
the displays remain constant. The displays remain constant also during 
the counting time, since the latch circuits are off. 

The digital frequency meter can be used to measure the frequency 
of a signal with almost any waveform. Also, it can be employed for ac- 
curate measurement of time periods, and for determining the ratio of two 
frequencies. 


13-4 DUAL SLOPE INTEGRATOR 
FOR DIGITAL VOLTMETER 

In the dual slope integration type of digital voltmeter, an integrating cir- 
cuit is used to generate a ramp over a timed interval. The slope of the 
ramp is proportional to the voltage to be measured. Consequently, the 
ramp amplitude is also proportional to the input voltage. The integrator 
then is reversed and discharged at a constant rate proportional to an ac- 
curate reference voltage. When the time for the ramp to go to zero is 
measured digitally, the numerical display can be read as the input voltage. 

A dual slope integrating circuit is shown in Figure 13-5. The voltage 
V i to be measured is applied to the input terminal of a voltage follower 
in order to present a high input impedance. The voltage follower output 
is switched via a FET (£h) to the input of a Miller integrator. (The 
voltage follower and Miller integrator are introduced in Chapter 7.) An 
accurate current source is also connected to the input of the Miller inte- 
grator, and the integrator output level is monitored by a zero crossing 
detector . The zero crossing detector is merely a high gain operational 
amplifier, which gives a large positive output when the input voltage is 
slightly above ground, and a large negative output when the input is 
slightly below ground. 

The square wave (control) input to Q ] provides the time interval 
over which integration occurs. This square wave is generated by using 
decade counters to divide the output frequency of a clock source . When 
the input to Q x is negative, the FET is biased off and V t is isolated from the 
integrator. During this time, the reference current is fed into the Miller 
integrator circuit. The level of this reference current is 

/ = 

^3 + ^4 + ^5 
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FIGURE 13-5. Dual slope integrator. 

The direction of the current is such that C, tends to charge positively 
on the right-hand side, so that the output of the Miller integrator tends 
to be positive. However, when the output of the Miller circuit becomes 
slightly positive, the zero crossing detector generates a large positive out- 
put. This biases FET Q 2 on, and Q 2 short-circuits C, . Therefore, at the 
end of the negative half of the square wave input to Q ,, capacitor C, is 
short-circuited and the Miller circuit output is held close to ground level. 
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Transistor Q ] switches on when the square wave input becomes posi- 
tive. This action connects voltage V f to resistance R 5 , and provides an 
input current, /, = ^//? 5 , to the Miller circuit. Capacitor C, now' charges 
with negative polarity on the right-hand side and this produces a negative- 
going output from the Miller circuit (Figure 13-6). Consequently, the zero 
crossing detector has a large negative output, which biases transistor Q 2 
off; thus permitting C, to charge. The output from the Miller circuit is a 
linear negative ramp voltage, which continues during the positive portion 
of the square wave input to Q x . Since /, is directly proportional to V h 
the slope of the ramp is also proportional to V { . Also, the time duration 
/ 1 of the positive input voltage is a constant. This means that the ramp 
amplitude V a is directly proportional to Vj. 

When the square wave input again becomes negative, Qi switches off 
and the reference current I R commences to flow once more. I R discharges 
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C, so that the Miller circuit output now becomes a positive ramp (Fig- 
ure 13-6). The positive ramp continues until it arrives at ground level. 
Then the zero crossing detector provides an output which switches Q 2 on, 
discharges C,, and holds it in short-circuit once again. 

The time t 2 for the ramp to discharge to zero now is directly propor- 
tional to the input voltage. Time t 2 is measured by starting the counting 
circuits at the negative-going edge of the square wave input to Q x , and 
stopping them at the positive-going edge of the output from the zero 
crossing detector. 


EXAMPLE 13-2 


The dual slope integrator in Figure 13-5 has a square wave input with 
each half-cycle equivalent to 1280 clock pulses (see Figure 13-6). The out- 
put frequency from the clock is 200kFIz. If 1000 pulses during time t 2 are 
to represent an input of V i = IV, determine the required level of reference 
current. 


solution 


For = 1 V, 


7,-21 

' R < 


h = 


1 V 


lOkfi 
= 1 00 m A 

Clock frequency = 200 kHz 
1 


7 = 2 .= 


1 


/ 200 kHz 

= 5^s 

If /, is the time duration of 1280 clock pulses: 

r, = 5 ms x 1280 
= 6.4 ms 

/, is applied to the integrator input for a time period Since 
C = — 
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D l4 i lOOuA x 6.4 ms 

Ramp voltage V 0 = — 

C, 0.1 /iF 

If t 2 is the time duration of 1000 clock pulses, 

t 2 = 5jzs x 1000 
= 5 ms 


= 6.4 V 


and I R must discharge C, in time period t 2 . 

c t K 


I R ~ 


1 2 

= 0.1 mF X 6.4V 
5 ms 

= 128/iA 


One of the most important advantages of the dual slope integration 
method is that small drifts in the clock frequency have little or no effect 
on the accuracy of measurements. Consider the following example: Let 
clock frequency = /; then time period of one cycle of clock frequency = 
T = 1//. 

The time duration of 1 280 dock pulses, /, , is 1 280 x T. 

V = iiii- 
° C , 

= 100m A x 1280T 

C, 

= OK m C, IQO/iA X 1280F 
2 / R 128mA X C, 

= 1000T 

The number of clock pulses during t 2 is given by 

h = i poor = 1000 

Time period of clock pulses T 


It is seen that when the clock frequency drifts, the digital measurement 
of voltage is unaffected. 
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13-5 DIGITAL VOLTMETER (DVM) 

Figure 13-7 shows a block diagram of a DVM system employing dual 
slope integration. In this particular system, the clock generator has a 
frequency of 200 kHz. The 200 kHz is divided by a decade counter and 
two divide-by-16 counters as shown, giving a frequency of approximately 
78 Hz. This (78 Hz) is the square wave which controls the integrator, as 
explained in Sec. 13-4. The 200 kHz clock signal, the 78 Hz square wave, 
and the integrator output are all fed to input terminals of an AND gate. 

The 200 kHz clock output acts as a triggering signal to the counting 



FIGURE 13-7. Digital voltmeter system. 
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circuitry when the other two inputs to the AND gate are high. This occurs 
during time / 2 , as illustrated in Figure 13-6. Note that the output of the 
zero crossing detector and the 78 Hz square wave must be inverted before 
being applied to the AND gate. The integrator output (i.e., zero crossing 
detector output) is also used to reset the counting circuits and to control 
the latch. The counting circuits are reset at the beginning of time period 
r,. Counting commences at the start of t 2 . The latch is switched on at the 
end of l 2 in order to set the displays according to the counting circuits. 

The range selector is adjusted to suit the input voltage. An input of 
less than 1 V is applied directly to the integrator, and a decimal point is 
selected so that the display can indicate a maximum of 0.9999 V. An input 
voltage between 1 V and 10 V is first potentially divided by 10 and applied 
to the integrator again as a voltage less than IV. In this case the decimal 
point is selected so that the display can indicate a maximum of 9.999 V. 
An input voltage between 10 V and 100 V is reduced by a factor of 100 be- 
fore passing to the integrator. Decimal point selection now allows the 
meter to indicate a maximum of 99.99 V. 

REVIEW QUESTIONS AND PROBLEMS 

13-1 Sketch the block diagram of a timing system for a digital fre- 
quency meter. Also sketch the output waveforms and carefully 
explain the operation of the system. 

13-2 A crystal-controlled oscillator with an output frequency of 
100 MHz is available for use in the timing circuit of a digital volt- 
meter. Draw a block diagram to show how time intervals of 
100^s, 1 ms, 10 ms, and 100 ms can be obtained. 

13-3 Discuss the numerical display obtained with a digital frequency 
meter when the time base is l second and the input frequency is 
3 kHz. Explain how the time base and the display must be altered 
when the frequency goes to 30 kHz, 300 kHz, and 3 MHz. 

13-4 A digital frequency meter uses a time base derived by decade 
counters from a 10 MHz source. Determine the display indication 
produced by a 1.5 kHz input when the time base uses five decade 
counters. Also determine the number of decade counters required 
for the display to read 1500. 

13-5 Sketch a block diagram showing JK Hip-Hops employed as latch- 
ing circuits. Carefully explain the operation of the latch, and the 
elTect that it has on the numerical display. 

13-6 Sketch the complete block diagram of a digital frequency meter. 
Also sketch the voltage waveforms that occur throughout the sys- 
tem. Explain the operation of the system. 
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13-7 Sketch the circuit of a dual slope integrator. Also sketch the 
circuit waveforms, and carefully explain the operation of the inte- 
grator. 

13-8 Show that the accuracy of the dual slope integration method is not 
affected by small drifts in clock frequency. 

13-9 The Miller circuit in a dual slope integrator (as in Figure 13-5) 
has an input resistance R$ = 15 k!2 and a capacitor C\ = 0.1 pF. 
The input voltage is 1 V, and each half-cycle of the square wave 
input is equivalent to 1500 cycles of the clock frequency. The 
clock frequency is 400 kHz. Determine the required reference cur- 
rent if the 1 V input is to be represented by a count of 1000. 

13-10 Sketch the block diagram of a digital voltmeter using dual slope 
integration. Carefully explain the operation of the system. 


Chapter 14 


Pulse Modulation 
and Multiplexing 


INTRODUCTION 

information can be transmitted, recorded, or otherwise processed in the form 
of pulses. The technique used to do this may be by pulse amplitude modu- 
lation, PULSE DURATION MODULATION, PULSE POSITION MODULATION, Or PULSE 

code modulation. Although it is the most complicated of all four methods, 
pulse code modulation can he the most accurate and most efficient tech- 
nique. Several separate pulse-modulated signals can be transmitted or re- 
corded on one channel by time division multiplexing. In this process, pulse 
signals are inserted in the spaces between other pulse signals. The circuits 
involved in pulse modulation and demodulation, and in coding and decoding 
time-multiplexed information are, in general, those that have been studied 
in previous chapters. 
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14-1 TYPES OF PULSE MODULATION 

The instantaneous amplitude of a signal may be measured (or sampled) at 
regular intervals, and the measured amplitudes converted to pulses. The 
pulses may then be transmitted, recorded, or otherwise processed. A low- 
frequency alternating signal and four types of pulse modulation by which 
the signal may be represented are illustrated in Figure 14-1 . 

Pulse amplitude modulation (PAM) is the simplest type of pulse 
modulation. As the name implies, the amplitude of each pulse is made 
proportional to the instantaneous amplitude of the modulating signal 
[Figure 14- 1(b)]. The largest pulse represents the greatest positive signal 
amplitude sampled, while the smallest pulse represents the largest negative 
sample. The time duration of each pulse may be quite short, and the time 
interval between pulses may be relatively long. If a radio frequency is 
pulse-amplitude-modulated instead of simply being amplitude-modulated, 
much less power is required for the transmission of information because 
the transmitter actualjy is switched ^between pulses. This is one ad- 
vantage of pulse modulation. 

In pulse duration modulation (PDM), also termed pulse width modula- 
tion, the pulses have a constant amplitude «ind a variable time duration. 
The time duration (or width) of each pulse is proportional to the instan- 
taneous amplitude of the modulating signal [Figure 14-1 (c)] . In this case, 
the narrowest pulse represents the most negative sample of the original 
signal, and the widest pulse represents the largest positive sample. When 
PDM is applied to radio transmission, the carrier frequency has a con- 
stant amplitude, and the transmitter o/?-time is carefully controlled. In 
some circumstances PDM can be more accurate than PAM. One example 
of this is in magnetic tape recording, where pulse widths can be recorded 
and reproduced with less error than pulse amplitudes. 

Pulse position modulation (PPM) [Figure 14- 1(d)] is more efficient 
than PAM or PDM for radio transmission. In PPM, all pulses have the 
same constant amplitude and narrow pulse width. The position in time of 
the pulses is made to vary in proportion to the amplitude of the modulat- 
ing signal. Note that in Figure 14- 1(d) each PPM pulse occurs just at the 
end of a PDM pulse in Figure 14- 1 (c). Thus, the pulses near the right- 
hand side of the sampling time period represent the largest positive signal 
sample, and those toward the left-hand side correspond to the most nega- 
tive samples of the original signal. PPM uses less power than PDM and, 
essentially, has all the advantages of PDM. One disadvantage of PPM is 
that the demodulation process to recover the original signal is more diffi- 
cult than with PDM. 

Pulse code modulation (PCM), illustrated in Figure 14-1 (e), is the 
most complicated type of pulse modulation. However, PCM can be the 
most accurate and the most efficient of the four methods. In certain 
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circumstances, it may be the only type of pulse modulation that can be 
employed. In PCM, each amplitude sample of the original modulating 
signal is converted to a binary number (see Chapter 12). The binary num- 
ber is then represented by a group ol pulses, the presence ol a pulse 
indicating / and the absence of a pulse indicating 0. The four-bit code 
illustrated in Figure 14- 1(e) can represent only sixteen discrete levels of 
signal amplitude. Thus it is far from accurate. Accuracy can be im- 
proved by increasing the number of bits ( i.e .. pulses) employed. A seven- 
bit code, for example, can represent 128 discrete levels ol signal ampli- 
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tude, or to an accuracy of better than 1%. The process of converting the 
signal to standard amplitudes which are to be represented by the binary 
code is termed quantizing, and the error introduced by this process is re- 
ferred to as the quantizing error. 

For all four pulse modulation methods the sampling frequency is 
determined by the highest signal frequency that must be processed. It 
can be shown that if samples are taken at a rate greater than twice the 
signal frequency, then the original signal can be recovered. However, in 
practice it is normal to sample at a minimum rate of about ten times the 
highest signal frequency. For audio, voice transmission, for example, with 
a “high” frequency of 3 kH, the sampling frequency might be 30 kHz. 



FIGURE 14-2. Effect of noise on pulse signals. 

Another major advantage of pulse modulation is illustrated in Fig- 
ure 14-2. When radio signals are very weak, they may be almost com- 
pletely lost in circuit or atmospheric noise. If the modulation method 
is PDM, PPM, or PCM, the signals can be recovered simply by clipping 
off the noise. For this, PCM gives the best results, since it is only neces- 
sary to determine whether each pulse is present or absent. 

In the following sections, modulation and demodulation methods 
are explained for PAM, PDM, and PPM. Before PCM techniques can be 
understood, time division multiplexing methods must be studied. 


14-2 PAM MODULATION 
AND DEMODULATION 

A process for producing a pulse amplitude modulated waveform is illus- 
trated in Figure 14-3. The block diagram of Figure 14-3(a) shows a pulse 


Sec. 14-2 PAM MODULATION AND DEMODULATION 


359 




PAM output 




signal + dc 


(LlJ_n_n_^JL 

PAM output 

Monostable multivibrator 
used for PAM 


FIGURE 14-3. PAM modulating system and use of a monostable 
multivibrator for PAM. 

generator triggering a monostable multivibrator at a sampling frequency. 
The output pulses from the multivibrator are made to increase and de- 
crease in amplitude by the modulating signal. Figure 1 4-3 (b) shows the 
circuit of a monostable multivibrator (Chapter 8) with its load resistance 
R 5 supplied from the modulating signal source. When is on, the output 
voltage is the saturation level of Q 3 collector. When Q 3 is switched off 
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for the pulse time, the output voltage (i.e., the pulse amplitude) is equal 
to the modulating signal level. The actual voltage applied as a supply to 
R s must have a dc component as well as the ac modulating signal. This 
is necessary to ensure correct operation of Q y . 

Demodulation of PAM is accomplished simply by passing the 
amplitude-modulated pulses through a low-pass filter. This process is il- 
lustrated in Figure 14-4. The PAM waveform consists of the fundamental 
modulating frequency, and a number of high-frequency components 
which give the pulses their shape. The resistance R x and capacitance C, 
shown in Figure 14-4 form a potential divider. At low frequencies, the 
impedance of C, is very much larger than R x . Consequently, low-fre- 
quency signals (i.e., the fundamental) are passed with very little attenua- 
tion. At high frequencies, the impedance of C, becomes quite small, and 
the signals experience severe attenuation. Thus, the filter output is the sig- 
nal frequency, with perhaps a very small pulse frequency component. If 
necessary, more than one stage of filtering can be employed to remove the 
pulse frequency completely. 


Low pass filter 


_Jll Jl 


PAM input 


0 

1 -O 

o < 

zc \ 

o 



Recovered signal 


FIGURE 14-4. PAM demodulation. 


14-3 PDM MODULATION 
AND DEMODULATION 

In pulse duration modulation, the signal samples must be converted to 
pulses which have a time duration directly proportional to the amplitude 
of the samples. One method of producing PDM, shown in Figure 14-5, 
uses a free-running ramp generator and a voltage comparator. 

The output voltage from a voltage comparator changes rapidly from 
one level to another, when the input voltage arrives at a predetermined 
level. In this respect, the voltage comparator is similar to a Schmitt trig- 
ger circuit. Unlike a Schmitt circuit, the voltage comparator has two in- 
put terminals. The change in output occurs at the instant that the voltages 
applied to the two inputs become equal. The two input voltages are com- 
pared, hence the name comparator. 

Consider the voltage comparator circuit and inputs shown in Fig- 
ure 14-5. Transistors Q x and Q 2 are emitter-coupled, and Q x normally is 
biased on via potential divider (R x and R 2 ). The modulating signal is 
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FIGURE 14-5. PDM modulating system. 


capacitor-coupled via C x to the base of Q x . Thus, the voltage at the base 
of Q x is a dc level with the ac signal superimposed. The free-running 
ramp generator produces a ramp waveform output at the desired sampling 
frequency. This is directly coupled to the base of Q 2 . When the ramp 
waveform is at its zero level, Q 2 base is biased below Q x base. Thus, Q 2 is 
off and Q x is on, and the input to the amplifier inverting terminal is low, 
while that at the noninverting terminal is high. In this condition, the 
amplifier output is at its extreme positive voltage. The ramp voltage 
grows linearly and it eventually becomes equal to the voltage at the base 
of (?,. Now, Q 2 commences to switch on and, as it does so, Q x begins 
to switch off. This causes the voltage to rise at the inverting input termi- 
nal of the amplifier, and to fall at the noninverting terminal. Conse- 
quently, the amplifier output rapidly switches from its extreme positive 
level to its extreme negative level, which is ground level in the circuit 
shown. When the ramp waveform returns to zero, the circuit conditions 
revert to Q x on and Q 2 off, and the amplifier output returns to its extreme 
positive level. 

It is seen that the output from the comparator is a series of positive 
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pulses. Each pulse commences at the instant the ramp waveform returns 
to zero volts, and ends when the ramp level coincides with the signal 
voltage. When the signal is at its highest level, the ramp takes its longest 
time to reach equality with Q x base voltage. Therefore, the output pulses 
at this time are of the longest duration. At the instant that the signal is at 
its lowest level, the ramp takes the shortest time to arrive at the same 
voltage as Q 2 base. Consequently, the width of the output pulses is a 
minimum at this instant. 

An IC operational amplifier can be employed directly as a voltage 
comparator without the use of the additional transistors shown in Fig- 
ure 14-5. IC voltage comparators are also available with built-in positive 
feedback to produce very fast switching of the output voltage from one 
extreme to the other. One such IC comparator is the ^A710 manufac- 
tured by Fairchild. The data sheet for the pAl\0 can be found in Ap- 
pendix 1-20. 

Demodulation of PDM waves can be accomplished by first convert- 
ing each duration-modulated pulse into an amplitude-modulated pulse. 
Then, filtering can be employed to recover the original modulating signal. 
The block diagram and waveforms for such a PDM demodulation system 
are shown in Figure 14-6. The PDM w^ve is applied to an integrator 
which generates a ramp-type output. The integrator output ramp always 
increases linearly at the same rate (i.e., for constant amplitude pulses). 
The ramp commences at the start of each input pulse and finishes at the 
end of the pulse. Consequently, the ramp peak value is proportional to 


PDM input 



FIGURE 14-6. PDM demodulating system. 
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the pulse width. Since the pulse widths are made proportional to the in- 
stantaneous samples of the original signal voltage, the ramp peaks repre- 
sent amplitude samples of the original signal. The integrator output 
waveform now is fed to the low-pass filter, which removes the high- 
frequency components and passes the low-frequency signal waveform. 

A Miller integrator circuit (Figure 7-13) is suitable for use with the 
PDM demodulation system described above. The circuit, as shown, re- 
quires negative input pulses. Thus the positive PDM waveform in Fig- 
ure 14-6 would first have to be passed through an inverter circuit [e.g.. 
Figures 5- 1 0(b) or (c)] before being applied to the integrator. 


14-4 PPM MODULATION 
AND DEMODULATION 

The simplest form of modulation process for pulse position modulation is 
a PDM system with the addition of a monostable multivibrator (see Fig- 
ure 14-7). The monostable is arranged so that it is triggered by the trail- 
ing edges of the PDM pulses. Thus, the monostable output is a series of 
constant-width constant-amplitude pulses which vary in position accord- 
ing to the original signal amplitude. 



PPM output 


FIGURE 14-7. PPM modulating system. 
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FIGURE 14-8. PPM demodulation. 



For demodulation of PPM, a PDM waveform is first constructed by 
triggering an RS flip-flop, as shown in Figure 14-8. The flip-flop is trig- 
gered into its set condition by the leading edges of a square wave which 
must be synchronized with the original signal source. Synchronization is 
necessary so that the leading edges of the square wave coincide with the 
leading edges of the PDM wave that was employed to generate the PPM 
pulses (Figure 14-7). The flip-flop in Figure 14-8 is reset by the leading 
edge of the PPM pulses. The output of the flip-flop is now a PDM wave 
which may be demodulated by the process illustrated in Figure 14-6. 

One of the most difficult requirements for PPM demodulation is 
synchronization of the square wave for triggering the flip-flop. Several 
alternatives are available. PPM pulses may be generated at both the lead- 
ing and lagging edges of the PDM waveform in Figure 14-7. For de- 
modulation, the leading edge pulses are applied to the set terminal of the 
RS flip-flop. In this case, a square wave generator is not required. How- 
ever, some method of identifying the leading edge pulses must be em- 
ployed. A more efficient system is to include periodic synchronizing 
pulses. For example, every fiftieth pulse might be a synchronizing pulse 
which corrects any frequency drift in the square wave generator. Again, 
some means of identifying the synchronizing pulses is essential. This 
could be done by making all synchronizing pulses negative while the other 
pulses are positive. Alternatively, the synchronizing pulses could be made 
larger or wider than the other PPM pulses. Perhaps the best method of 
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identifying a synchronizing pulse is to precede it with a longer-than- 
normal space. Methods for generating such a space during the modula- 
tion process and for identifying it during demodulation are similar to 
those employed in time division multiplexing, the subject of the next sec- 
tion. 


14-5 TIME DIVISION MULTIPLEXING 


14-5.1 TDM Waveforms 

Suppose a 2.5 kHz signal is sampled ten times in every cycle. The samples 
occur at time intervals of one-tenth of the time period of the waveform, 
that is, at 40^s intervals. If PDM is employed, and the maximum pulse 
width is made less than 10 jus, a 30 ps time interval (or space) is left be- 
tween pulses. If other signals are sampled at the same rate, the additional 
pulse samples might be included in the 30 gs space. This process, known 
as time division multiplexing, (TDM) is illustrated in Figure 14-9. 

Channel 1 in Figure 14-9 is a series of PDM samples, with the first 
pulse shown commencing at time Channel 2 is another series of PDM 
pulses with the first pulse shown commencing at t 2 , 10 jus after The 
second pulse in channel 2 occurs 40^xs after t 2 (\0 ps after / 5 ). For chan- 
nel 3, the first pulse shown starts at / 3 , which is 20^s after /, and 10 
after t 2 . As in the case of the other channels, there is a 40 gs time interval 
between commencement of each pulse in channel 3. When the pulses 
are time-multiplexed, as shown in Figure 14-9(d), three channels of infor- 
mation are contained in the waveform. This waveform now may be re- 
corded on a single magnetic track, transmitted on a single radio fre- 
quency, or otherwise processed. 

Each channel in the time-multiplexed waveform [Figure 14-9(d)] is 
allocated a 10 jus time period. Therefore, the maximum pulse width must 
be less than \0ps, so that the end of one pulse can be distinguished 
from the beginning of the next. At each sampling, the three channels 
occupy a total time period of 30 jus. This leaves a 10 ps time interval, or 
one unoccupied channel space, between the end of the three pulses and 
commencement of the next three. This time period is deliberately left 
clear so that it may be used for synchronization in the demodulation pro- 
cess. Channel 1 can easily be identified (during demodulation) as the first 
information pulse after the sync, space. Channels 2 and 3 can then be 
identified in sequence after channel 1. The series of three (or more) 
information pulses together with the synchronizing space usually is 
termed one frame of the TDM waveform. 
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PDM is not the only pulse modulation process that lends itself to 
time division multiplexing. Figure 14-10 shows typical waveforms ot 
PAM, PPM, and PCM signals in time-multiplexed form. Note that the 
PPM demodulation synchronization problem discussed in Sec. 14-4 is 
solved by the TDM synchronization arrangements. Instead of using a 
space between pulses, synchronization may be accomplished by means of 
a negative pulse, or, perhaps, a wider or taller pulse than normal. The 
number of channels that may be time-multiplexed is by no means limited 
to three. The maximum number of channels is determined by the highest 
frequency to be sampled and the time period that must be allocated to 
each channel. 
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FIGURE 14-10. Time division multiplexed waveforms for PAM, 
PPM, and PCM. 


14-5.2 Ring Counter 

A ring counter is the circuit employed in a TDM coding system to select 
the signals to be sampled in the correct repetitive sequence. Triggered by 
input pulses, the circuit switches through a number of states equal to one 
more than the number of TDM channels. For a three-channel system, the 
ring counter must have four states, that is, three channels plus the syn- 
chronizing space. Ring counters usually are constructed of flip-flops and 
diode gates. The binary-to-decimal conversion system shown in Fig- 
ure 12-15 could be employed as a ten-state ring counter. In this case, the 
outputs (to the transistor gates) would control nine signal channels and a 
synchronizing space. 

Figure 14-11 shows a four-state ring counter made up of two flip- 
flops and a diode matrix. The operation of the circuit is similar to the 
binary-to-decimal conversion system explained in Chapter 12. In the 
initial condition, Q x and Q 3 are off, and the output voltage at their col- 
lectors is high and is represented as logic 1 . Q 2 and Q 4 are on, so their low 
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FIGURE 14-11. Flip-flop and diode matrix as four-state ring 
counter. 


collector voltage level is represented as logic 0. This means that the volt- 
age levels at the cathodes of D x and D 2 are high, and that the output of 
terminal 1 is high. All other output terminals have at least one diode 
biased on, holding the output voltage low. When the first toggle pulse is 
applied, the states of the flip-flops change to Q 4 on, Q z off, Q 2 off, Q , on. 
The cathode of D 2 has a low voltage applied so that the output of termi- 
nal 1 is low. Also Z) 3 and I) 4 have high voltages at their cathodes, which 
produces a high output at terminal 2. While the input count remains at /, 
diodes D 5 , /3 6 , and Z) 7 have low cathode voltages and thus terminals 3 and 
4 are low. Continuing through input pulse counts 2 and 3, it is seen that 
output terminals 3 and 4 switch high in turn, while all other outputs be- 
come low. After the count of four, the next input pulse switches the cir- 
cuit back to high at output terminal 1 . Then the sequence is repeated. The 
ring counter derives its name from the fact that it toggles in a repetitive or 
ring sequence from state l to state 4 and back through state 1 again for 
the four-stage ring counter. A synchronizing input terminal also can be 
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provided as was explained in Chapter 12, so that a sync, pulse can set the 
circuit in its initial state. 

The voltage waveforms in Figure 14-11 help to illustrate the opera- 
tion of the ring counter. It is seen that in the initial state, only output 
terminal 1 is high. When the first toggle pulse is applied, output terminal 2 
becomes high, and 1 becomes low. The third and fourth toggle pulses, 
respectively, switch outputs 3 and 4 to high, while all others go to low. On 
receipt of the fifth pulse, output 1 becomes high again, and the sequence 
is repeated as the input pulses continue. 

14-5.3 TDM Coding System 

The block diagram and waveforms for the time-multiplexing of three sig- 
nals is shown in Figure 14-12. A time division multiplexing system usually 
is referred to as a TDM coding system. The system for separating the 
waveform into individual channels is termed a TDM decoding system. If 
pulse modulation is performed concurrently with time-multiplexing, a sin- 
gle modulation system can be used for all channels. 

In Figure 14-12, a clock generator produces a square waveform to 
toggle the ring counter at the desired frequency. The ring counter out- 
puts switch the sampling gates on and off\ n the correct sequence. (Sam- 
pling gates are discussed in Chapter 1 1.) When one output from the ring 
counter is high, all others are low. Thus, one sampling gate is on, and all 
others are off. The time periods during which a sampling gate is in the on 
and off states is determined by the clock generator frequency and the num- 
ber of channels. For example, if the clock generator output is a 1 kHz 
square wave, each gate is on for 1 ms. For the three-channel system 
shown, the gates are ojf{ or three time periods of the clock generator ( i.e., 
for 3 ms). 

Each signal to be sampled is applied to the input terminal of a 
sampling gate. The input of gate 0, the synchronizing gate, is grounded, 
so that during the sync, time its output is zero volts. The output of all 
four gates is “commoned.” Thus, as each gate switches on in turn, ampli- 
tude samples of the signal waveforms are time-multiplexed into a single 
waveform. The combined output of the gates (see Figure 14-12) is in the 
form of a pulse-amplitude-modulated waveform with no spaces between 
pulses, and with a sync, space at the end of each set of samples. 

The waveform from the gates is converted to PDM by applying it to 
one input of a voltage comparator. The other input terminal of the com- 
parator has a ramp generator output applied to it, as shown in Fig- 
ure 14-12. The ramp generator has a linear output and is triggered by the 
negative-going edges of the clock generator output, so that the ramp com- 
mences at the beginning of the output from each sampling gate. The 


Ring counter 



370 


Time-multiplexed PDM waveform 

FIGURE 14-12. Three-channel time division multiplexing and pulse duration modulation system. 
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voltage comparator output becomes high when the ramp output becomes 
zero. When the ramp amplitude is equal to the amplitude of the signal 
being sampled, the comparator output goes to zero. (The process of con- 
verting amplitude samples to PDM was explained in Sec. 14-3.) During 
the sync, space, the comparator input (from the gates) remains at zero; 
thus the output level from the comparator does not switch positively 
when the ramp goes to zero. The output waveform from the system is 
seen to be time-multiplexed duration-modulated pulses with intervening 
sync, spaces. 

14-5.4 TDM Decoding System 

Before demodulation, time-multiplexed signals must be decoded, or sepa- 
rated into individual channels. Figure 14-13 shows the block diagram and 
waveforms of a system for decoding three-channel time-multiplexed PDM 
signals. 

The waveform to be decoded is applied simultaneously to an inte- 
grator circuit, the toggle input of a ring counter, and to one input on each 
of three AND gates. The function of the integrator, and the Schmitt 
trigger circuit which follows it, is to detect the sync, space in the TDM 
waveform. A suitable integrator circuit for this situation is the ramp gen- 
erator shown in Figure 7-3(b). During the time that the input pulses are 
applied, the ramp generator output remains at zero. When the pulses are 
absent the ramp output grows linearly, then rapidly returns to zero again 
at commencement of the next input pulse. Thus, the integrator output is 
a series of small ramps generated during the space time. During the 
synchronizing space, the integrator generates a larger-than-usual output. 
When this output arrives at the upper trigger point of the Schmitt circuit, 
the Schmitt produces an output pulse which sets the ring counter to its 
synchronized state. The next input pulse (i.e., from channel 1) toggles 
the ring counter to its channel 1 state. 

In the channel 1 state, the ring counter provides a positive output to 
AND gate 1, and a zero output to gates 2 and 3. At this time, channel 1 
pulse is present at one input of all three AND gates. Only gate 1 has a 
positive voltage at both input terminals. Therefore, only gate 1 produces 
an output during the application of the pulse from channel 1. The output 
pulse from gate 1 commences at the beginning of channel 1, and ends at 
the end of the channel 1 PDM pulse. At the commencement of channel 2 
{i.e., on receipt of the next positive-going pulse edge) the ring counter 
toggles to its channel 2 state. Therefore, AND gate 2 now has positive 
voltage levels at both input terminals, while AND gates 1 and 3 have zero 
levels applied from the ring counter. Thus, gate 2 produces the channel 2 
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Channels Sync. 



FIGURE 14-13. Decoding system for three-channel time-multi- 
plexed PDM signals. 


PDM pulse at its output terminals. Similarly, at commencement of 
channel 3, the ring counter toggles to its channel 3 state. ANl) gate 3 out- 
put then becomes positive for the duration of the PDM pulse in the chan- 
nel 3 portion of the input waveform. It is seen that the decoding system 
separates the TDM wave into the individual channels. Now, each channel 
can be demodulated to recover the original modulating signals. 
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14-6 PCM MODULATION 
AND DEMODULATION 


14-6.1 PCM Modulation System 

PCM signals are essentially time division multiplexed pulses; therefore, 
modulation and demodulation techniques for PCM are similar to TDM 
methods. The block diagram of a PCM modulation system is shown in 
Figure 14-14, and the waveforms for the system are illustrated in Figure 
14-15. 

The PCM system in Figure 14-14 employs a shift register. This is 
simply a cascade of flip-flops similar to the arrangement illustrated in 
Figures 12-1 and 12-2. The shift register is toggled by input pulses, and 
counts the pulses in binary form. An output is taken from one collector of 
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FIGURE 14-14. PCM modulating system. 


374 


Chap. 14 PULSE MODULATION AND MULTIPLEXING 


Clock gen. 
output (/, ) 


32 KHz 



\ Shift register 
toggle time 


PCM output 
from AND 
gates 


l 7" Lr 7 lJ 7 LJ ? 

From From From From 
gate gate gate gate 

6 5 4 3 


I 1 



From From 
gate gate 

2 1 


FIGURE 14-15. Waveforms for PCM modulating system. 
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each flip-flop. The five-stage shift register can count to binary 1 1 111 , 
which is equivalent to decimal 31. 

The input signal voltage which is to be converted to PCM is applied 
to one input of a voltage comparator, and a ramp generator output is ap- 
plied to the other input of the comparator. This is similar to the PDM 
method, in which the signal amplitude sample is converted to a time 
period. In Figure 14-15, the comparator output is shown as having a time 
duration t. To convert this time period to a five-bit binary number, the 
shift register is toggled by the clock generator during the time period. 
Once the shift register has settled at the binary equivalent of the signal 
sample, the ring counter is triggered to read the state of the shift register 
and produce a PCM output. 

Suppose the clock generator frequency /, is 32 kHz. This frequency 
is divided by a factor of 32 to produce f 2 = (/,/32) = 1 kHz (see Figure 
14-15). (Frequency dividing techniques are discussed in Chapter 13.) The 
time period of f 2 is 1 ms, and this is used to trigger the ring counter. As 
shown by the waveforms in Figure 14-15, the ring counter provides a 1 ms 
pulse to AND gate 6. This pulse also goes to the ramp generator and to 
the reset input terminal of the shift register. Therefore, at commencement 
of time period /, (Figure 14-15) the shift register is set to its zero condi- 
tion, and the ramp generator output is triggered from its maximum output 
voltage level to zero. When the ramp generator output becomes zero, it 
causes the output of the voltage comparator to switch from zero to its 
maximum voltage level. Thus, the input (from the comparator) to AND 
gate 7 is positive, and the clock generator pulses pass through to toggle 
the shift register. 

At the commencement of time period the ramp voltage also starts 
to grow linearly from the zero level. When the ramp amplitude becomes 
equal to the instantaneous amplitude of the signal voltage V s , the com- 
parator output switches to zero once again. This means that no more 
clock generator pulses can pass through AND gate 7. At this time, the 
state of the shift register represents the binary equivalent of the signal 
voltage amplitude. Since no more toggle pulses arrive, the shift register 
state remains constant. 

The 1 ms ring counter output pulse that is applied to the ramp gen- 
erator during time /, is also applied to AND gate 6. Since the other input 
to the gate is at + K, the output of gate 6 is a positive 1 ms pulse. During 
time period t 2 , the ring counter provides a 0.5 ms pulse to AND gate 5. 
The other input to AND gate 5 is derived from FF5 in the shift register. 
If the output of FF5 is high, gate 5 produces a 0.5 ms output pulse, as 
shown. If the flip-flop output is low, there is no pulse present at this point 
in the PCM output waveform. Through time periods / 3 , / 4 , r 5 , and t 6 , the 
ring counter switches on gates 4, 3, 2, and 1, respectively, to sample the 
shift register voltage levels at each flip-flop. Thus the PCM output wave- 
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form is produced with pulses that represent the binary equivalent of the 
signal sample as measured during t x . At the end of / 6 , a gap (/ 7 ) is gen- 
erated by the ring counter holding gates 1 to 6 off, then the long syn- 
chronizing pulse /, commences again, and the sampling and coding 
process is repeated. 


14-6.2 PCM Decoding and Demodulation 
System 

For decoding and demodulation, PCM signals are first processed through 
a TDM decoding system to separate the bits into different channels. The 
process, illustrated in Figure 1 4- 1 6(a), shows a TDM decoding system 
with five output channels for a five-bit PCM system. Several techniques 
are available for converting the decoded PCM back to analog voltage 
samples. The method illustrated is termed digital-to-analog conversion by 
weighted resistors . The operational amplifier, connected as shown, is 
termed a summing amplifier. 

In Figure 14-1 6(b) it may be seen that each pulse in a five-bit PCM 
code has a binary and a decimal equivalent. The decimal equivalent of 
bit 5 is 16 and that of bit 4 is 8, etc. The resistors R ] to R 5 are weighted 
(or selected) to have values inversely proportional to the decimal equiva- 
lent of the bit number applied to them. Thus, if R l = 16 kil for bit 1 
which has a decimal equivalent of 1, then R 5 = 1 kO for bit 5 with a deci- 
mal equivalent of 16. Similarly, R 2 = 8 kil for bit 2 (the decimal equiva- 
lent is 2), and R 4 = 2 kil for bit 4 (the decimal equivalent is 8). Note also 
that R 6 = 1.6 kfL 

Consider the effect on the summing amplifier when bit 5 is present, 
and all other bits are absent. Let the amplitude of all bits be V = IV. 
Recall, from the previous study of operational amplifiers in Chapters 5, 6, 
and 7, that with the noninverting terminal grounded the inverting ter- 
minal is always very close to ground potential. Therefore, with the input 
voltage applied at one end of R 5 and a virtual ground at the other end, the 
amplifier input current is 



Also in previous studies it was shown that the actual current flow 
into the amplifier terminal is near zero. Consequently, all of the input cur- 
rent effectively flows through /? 6 . Since one end of R 6 is at the virtual 
ground input terminal and the other end is at the output terminal, the out- 
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FIGURE 14-16. PCM decoding and demodulation system. 


put voltage is the voltage drop across R 6 . Thus, the output voltage is 


V Q = /R b = U, x (RJR S ) 

= 1 V x (1.6 kS2/l k il) 
= 1.6 V 


Thus, hit 5 is converted to 1.6 V and since the decimal equivalent of bit 
5 is 16, this seems to make sense. 
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When only bit 1 is present, the output becomes 

K - Vi x (* 6 /*») 

= 1 V X (1.6 kQ/16 kil) 

= 0.1 V 

This is one-sixteenth of the output produced from bit 5. Thus the two 
outputs are in correct proportion, since bit 5 has a decimal equivalent of 
16, and bit 1 has a decimal equivalent of 1. 

The combined output produced when bits 5 and 1 are present is 

v 0 = VARs/R*) + ViiRJRx) 

= V t R h x (l/* 5 + 1 /R x ) 

= 1 V x 1.6 k Q x (1/1 kH + l/16kfi) 

= 1.7 V 

The decimal equivalent of 10001 (i.e., bit 5 and bit l) is 17, therefore the 
summing amplifier has summed the bits and converted the input voltages 
from digital form to analog form. Any combination of input bits may be 
considered, and the summing amplifier output calculated. It is always 
found that the amplifier output is directly proportional to the decimal 
equivalent of the binary number represented by the bits. After conversion 
to amplitude samples, low-pass filtering can be employed to recover the 
original signal. Note that the output voltage samples from the summing 
amplifier are negative. These can be converted to positive voltage levels 
by the use of another inverting amplifier. 

REVIEW QUESTIONS AND PROBLEMS 

14-1 Sketch waveforms to illustrate the various types of pulse modula- 
tion. Identify and briefly explain each type of modulation. 

14-2 Discuss the performance of the various types of pulse modulation 
with respect to noise. 

14-3 Show how a monostable multivibrator may be employed for pulse 
amplitude modulation. Briefly explain. 

14-4 Sketch a block diagram for a PAM modulating system. Show the 
waveforms, and explain the system. 

14-5 Sketch and explain the process for demodulating PAM signals. 

14-6 Draw a block diagram for a PDM modulating system. Show the 
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circuit of the voltage comparator, and the system waveforms. 
Explain the modulation process. 

14-7 Sketch a system block diagram and waveform for demodulation 
of PDM signals. Explain the process. 

14-8 Using illustrations, explain the process of producing a PPM 
waveform. 

14-9 Explain the process of demodulating a PPM waveform. Sketch 
the appropriate block diagram and voltage waveforms. Also, dis- 
cuss the synchronizing problem which occurs with PPM and state 
the possible solutions. 

14-10 Explain time division multiplexing and discuss its advantages. 
Sketch waveforms for time-multiplexed signals using PAM, PDM, 
PPM, and PCM. 

14-11 Draw a block diagram and diode circuit to show how three flip- 
flops and a diode matrix can be employed as an eight-state ring 
counter. Also sketch the input and output waveforms, and ex- 
plain how the ring counter functions. 

14-12 Draw a block diagram for a four-channel TDM system which in- 
cludes pulse duration modulation. Show the waveforms through- 
out, and explain the operation of the system. 

14-13 Draw a block diagram for a decoding system for four-channel 
time-multiplexed PDM signals. Show the system waveforms and 
explain the operation of the system. 

14-14 A signal having a maximum frequency of 5 kHz is to be pulse- 
code-modulated with not more than 2% quantizing error. Deter- 
mine the number of pulses required to represent each sample, and 
the number of samples required per second. Explain. 

14-15 Draw a block diagram, of a PCM modulating system that would 
be suitable for the waveform described in problem 14-14. Sketch 
appropriate waveforms and explain the system process. 

14-16 Explain the process of decoding and demodulating a 5 bit PCM 
signal. Sketch the appropriate circuitry and identify the level of 
output for each input pulse. 
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APPENDIX 1-1 


TYPES 1N914, 1N914A, 1N914B, 1N915, 
1N916, 1N916A, 1N916B and 1N917 
DIFFUSED SILICON SWITCHING DIODES 


| • Extremely Stable and Reliable High-Speed Diodes 


mechanical data 



absolute maximum ratings at 25°C ambient temperature (unless otherwise noted) 


V„ Reverse Voltage at — 65 to - 1 - 150°C 
l 0 Average Rectified Fwd. Current 

l 0 Average Rectified Fwd. Current at + 1 50 °C 

if Recurrent Peak Fwd. Current 

if(»urg.), Surge Current, 1 sec 
P Power Dissipation 

T a Operating Temperature Ronge 

T Jfg Storage Temperature Ronge 


1N914 

1N914A 

1N9148 

1N915 

1N916 

1N916A 

1N916B 

1N917 j Unit 

75 

75 

75 

50 

75 

JT 

75 

30 

v 

75 

75 

75 

75 

75 

75 

75 

50 

ma 

10 

10 

10 

10 

10 

10 

10 

10 

ma 

225 

225 

225 

225 

225 

225 

225 

1 150“ 

mo 

500 

500 

500 

500 

500 

500 

500 

300 

ma 

250 

250 

250 

250 

250 

250 

250 

250 

rnw 


— 65 ta + 175 *C 

200 °C~ 


maximum electrical characteristics at 25°C ambient temperature (unless otherwise noted) 


bv r 

Min Breokdawn Valtage at 100 fia 

100 

100 

100 

65 

100 

100 

100 

40 

V 

Ir 

Reverse Current at V R 

5 

5 

5 

5 

5 

5 

5 

M a 

Ir 

Reverse Current at — 20 v 

0.025 

0.025 ^ 

0.025 


0.025 

0.025 

0.025 

/xa 

Ir 

Reverse Current at — 20 v at 100°C 

3 

3 

3 

5 

3 

3 

3 

25 


Ir 

Reverse Current at — 20 v ot 4- 150°C 

50 

50 

50 


50 

50 

50 


Ir 

Reverse Current at — 10 v 




0.025 




0.05 


Ir 

Reverse Current at — 10 v at 1 25°C 








fXQ 

If 

Min Fwd Current at V F 1 v 

10 

20 H 

100 

50 

10 

20 

30 

10 

mo 

Vf 

at 250 fia 








0.64 

V 

Vf 

ot 1.5 ma 








0.74 

V 

Vf 

at 3.5 ma 





| 1 

1 

r ' 

0.83 

V 

Vf 

ot 5 mo 



0.72 

0.73 


I 

0.73 

V 

Vf 

Min ot 5 ma 




0.60 

_ 1. . 


V 

C 

Capacitance ot V R _ 0 

4 

4 

4 

4 

2 

2 

2 

2.5 

Pf 

operating 

characteristics at 25°C ambient temperature (unless otherwise noted) 




»rr 

Max Reverse Recovery Time 

”4 

**4 

1 

°10 

**4 

**4 

**4 

1 03 

nsec 


°8 

° B 

n. 


°8 

°B 

°B 


nsec 

v, 

Fwd Recovery Voltage (50 mo Peak Sq. wave, 











0.1 fj . sec pulse width, 10 nsec rise time, 
5 kc to 1 00 kc rep. rate) 

2.5 

2.5 

2.5 

2.5 

I 2.5 

2.5 

25 

_J_L 

V 


* Trodtmork of Ttiat Intlrumtnli 
° lumotfon (10 (no Ip 10 mo l„, rtcovtr lo 1 mo) 
•• EG1G (10 mo l f , 4» V„. fttoitr to 1 moj 


*Courtesy of Texas Instruments, Incorporated 
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APPENDIX 1-2* 


lN4001thru 1N4007 


l 0 = 1 A 
V„ - to 1000 V 



Low-current, passivated silicon rectifiers in 
subminiature void-free, flame-proof silicone polymer 
case. Designed to operate under military environmental 
conditions. 


MAXIMUM RATINGS (At 60 cps Sinusoidal. Input, Resistive or Inductive Load) 


Rating 

Symbol 

1N4M1 

1X4*2 

1N4II3 

1X4004 

1X4*5 

1M4I96 

1MII7 

Unit 

Peak Repetitive Reverse Voltage 

V RM(rep) 

50 

100 

200 

400 

600 

800 

1000 

Volts 

DC Blocking Voltage 

V R 









RMS Reverse Voltage 

V 

r 

35 

70 

140 

280 

420 

560 

700 

Volts 

Average Hall-Wave Rectified 
Forward Current (75°C Ambient) 

j 

1000 

1000 

1000 

1000 

1000 

1000 

1000 

mA 

(100°C Ambient) 

o 

750 

750 

750 

750 

750 

750 

750 

mA 

Peak Surge Current 25°C 
(1/2 Cycle Surge, 60 cps) 

*FM(surge) 

30 

30 

30 

30 

30 

30 

30 

Amps 

Peak Repetitive Forward Current 

*FM(rep) 

10 

10 

10 

10 

10 

10 

10 

Amps 

Operating and Storage 

T. T . 
J, stg 



V- 

-fi.Vto + 176 




°C 

Temperature Range 










ELECTRICAL CHARACTERISTICS 


Characteristic 

Symbol 

Rating 

Unit 

Maximum Forward Voltage Drop 
(1 Amp Continuous DC, 25 c C) 

V F 

1. 1 

Volts 

Maximum Full-Cycle Average Forward Voltage Drop 
(Rated Current @ 25°C) 

V F(AV) 

0.8 

Volts 

Maximum Reverse Current @ Rated DC Voltage (25°C) 

(100°C) 

! r 

0. 01 
0. 05 

mA 

Maximum Full-Cycle Average Reverse Current 
(Max Rated PIV and Current, as Half-Wave 
Rectifier, Resistive Load, 100°C) 

*R(av) 

0.03 

mA 


TYPICAL FORWARO CHARACTERISTICS MAXIMUM DC OUTPUT 




^Courtesy of Motorola, Inc. 
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APPENDIX 1-3* 


xuzojLrsr J a- 


* 




TYPES 1N746 THRU 1N759, 1N746A THRU 1N759A 
SILICON VOLTAGE REGULATOR DIODES 


3.3 TO 12 VOLTS • 400 mw 


GUARANTEED DYNAMIC ZENER IMPEDANCE 


Available in 5% and 10% tolarancas 
•65 to 175°C operation & storage 


mechanical data 


The diode is encased in a hermetically sealed hard-glass package which falls within the JEDEC DO-7 
outline. Unit weight is typically 0.195 gram. 



*absolute maximum ratings 


Average Rectified Forword Current of (or below) 25°C Free Air Temperature 230 mo 

Average Rectified Forward Current at 150°C Free Air Temperature 85 ma 

Continuous Rawer Dissipation at (or below) 50°C Free-Air Temperature . 400 mw 

Continuous Power Dissipation ot 150°C Free-Air Temperature . 100 mw 

Operating Free Air Temperature Range . — 65°C to 175 °C 

Storage Temperature Range — 65°C to 1 75 °C 


‘Indicaltt JEDEC r»giit»ied data 


Courtesy of Texas Instruments, Incorporated 


383 


TYPES 1N746 THRU 1N759, 1N746A THRU 1N759A 
SILICON VOLTAGE REGULATOR DIODES 


* electrical characteristics at 25°C free-air temperature (unless otherwise noted) 


PARAMETER 



Vx 

Zener 

Breakdown 

Voltoge 



Temperature 
Coefficienl 
of Breakdown 
VoNoge 

U 

Small- 

Signal 

Breakdown 

Impedance 

U 

Static 

Reverse 

Current 

TEST 

CONDITIONS 



Izx — 20 ma 


Izt = 20 ma 

Izt — 20 mo, 
!*♦ = 1 ma 

V, = 1 ¥ 

Vt = 1 V, 
T A = 150°C 

LIMIT — 

NOM 

IN 746 
MIN 

-1N759 

MAX 

1N746A- 

MIN 

1N7S9A 

MAX 

TYP 

MAX 

MAX 

MAX 

UNIT >- 

V 

V 

V 

V 

¥ 

%/*C 

n 

b a 

/iO 

IN 746 

3 3 

2 97 

3 63 

3 135 

3 465 

-0 062 

28 

10 

30 

1 N 74 7 

3 6 

3 24 

3 96 

3 420 

3 780 

-0 055 

24 

10 

30 

IN 748 

3 9 

3 51 

4 29 

3 705 

4 095 

-0 049 

23 

10 

30 

IN 749 

4 3 

3 87 

4 73 

4 085 

4 515 

-0 036 

22 

2 

30 

1 N 750 

4 7 

4 73 

5 17 

4 465 

4 935 

-0 018 

19 

2 

30 

1N751 

5 1 

4 59 

5 61 

4 845 

5 355 

-0 008 

17 

1 

20 

1N752 

5 6 

5 04 

- 6 16 

5 320 

5 880 

+ 0 006 

11 

1 

20 

IN 753 

6 2 

5 58 

6 82 

5 890 

6 510 

+ 0 022 

7 

0 1 

20 

IN 754 

6 8 

6 12 

7 48 

6 460 

7 140 

+ 0 035 

5 

0 1 

20 

1N755 

7 5 

6 75 

8 25 

7 125 

7 875 

+ 0 045 

6 

0 1 

20 

IN 756 

8 2 

7 38 

9 02 

7 790 

8 610 

+ 0 052 

8 

0 1 

20 

IN 757 

9 1 

8 19 

10 01 

8 645 

9 555 

+ 0 056 

10 

0 1 

20 

IN 758 

10 0 

9 00 

11 00 

9 500 

10 500 

+ 0 060 

17 

0 1 

20 

IN 759 

12 0 

10 80 

13 20 

11 400 

12 000 

+ 0 060 

30 

0 1 

20 


*lndi(al«s JFDFC rtgisltrtd data 


MAXIMUM POWER DISSIPATION 



TYPICAL DYNAMIC IMPEDANCE 



TYPICAL 

ZENER TEMPERATURE COEFFICIENT 
vs ZENER VOLTAGE 
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APPENDIX 1-4* 


2n3903 (SILICON) 
2n3904 


A V c . = 60 V 

/ \ l c = 200 mA 

/jfc = 4.0 pf (max) 


CASE 29 

(TO-92) 



NPN silicon annular transistors, designed for gen- 
eral purpose switching and amplifier applications , 
features one-piece, injection- molded plastic package 
for high reliability. The 2N3903 and 2N3904 are com- 
plementary with types 2N3905 and 2N3906, respectively. 


MAXIMUM RATINGS (Ta = 25*C unless otherwise noted) 


Characteristic 

Symbol 

Rating 

Unit 

Collector- Base Voltage 

V CB 

60 

Vdc 

Collector- Emitter Voltage 

v CEO 

40 

Vdc 

Emitter-Base Voltage 

V EB 

6 

Vdc 

Collector Current 

k: 

200 

mAdc 

Total Device Dissipation @ T A = 60°C 

Pd 

210 

mW 

Total Device Dissipation @ T A = 25°C 

Pd 

310 

mW 

Derate above 25°C 


2.81 

mW/°C 

Thermal Resistance, Junction to Ambient 

e JA 

0.357 

°C/mW 

Junction Operating Temperature 

t j 

135 

°c 

Storage Temperature Range 

T stg 

-55 to +135 

°C 


ELECTRICAL CHARACTERISTICS (Ta = 25°C unless otherwise noted) 

Characteristic 1 Symbol | Min [ Max | Unit | 


OFF CHARACTERISTICS 


Collector- Base Breakdown Voltage 
= 10 MAdc, 1 E = 0) 

BV CBO 

60 

— 

Vdc 

Collector-Emitter Breakdown Voltage* 
(I^ = 1 mAdc) 

bv ceo* 

40 

— 

Vdc 

Emitter-Base Breakdown Voltage 
(I E = 10 ^Adc, Iq = 0) 

bv ebo 

6 

— 

Vdc 

Collector Cutoff Current 
(V CE - 40 Vdc, V 0B = 3 Vdc) 

k:Ex 

— 

50 

nAdc 

Base Cutoff Current 
{V CE = 40 Vdc, V QB = 3 Vdc) 

X BL 

— 

50 

nAdc 


•Pulse Test Pulse Width - 300 nsec, Duty Cycle = 2%. V QB Base Emitter Reverse Bias 


*Courtesy of Motorola, Inc. 
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2N3903, 2N3904 (continued) 


ELECTRICAL CHARACTERISTICS (continued) 


Characteristic 1 Symbol | Min 1 Max | Unit 1 


ON CHARACTERISTICS 


DC Current Gain 
(IC - 0.1 mAdc 

* 

, V C£ - 1 Vdc) 

2N3903 

2N3904 

h FE* 

20 

40 

- 


(Ic - 1.0 mAdc, V CE - 1 Vdc) 

2N3903 

2N3904 


35 

70 




(Ic - 10 mAdc, V CE - 1 Vdc) 

2N3903 

2N3904 


50 

100 

150 

300 


(IC - 50 mAdc, V CE - 1 Vdc) 

2N3903 

2N3904 


30 

60 

— 


(IC ■ 100 mAdc, V CE - 1 Vdc) 

2N3903 

2N3804 


15 

30 

— 


Collector- Emitter Saturation Voltage* 
(IC - 10 mAdc, Ig - 1 mAdc) 


V CE(sat)* 

— 

0.2 

Vdc 

(^ - 50 mAdc 

I B - 5 mAdc) 



— 

0.3 


Base- Emitter Saturation Voltage* 
(Ic - 10 mAdc, I B - 1 mAdc) 


V BE(sat)* 

0.65 

0.85 

Vdc 

(Ic * 50 mAdc, If) - 5 mAdc) 



— 

0.95 


SMALL SIGNAL CHARACTERISTICS 

t 

i 





High Frequency Current Gain 
(IC - 10 mA, Vce - 20 V, £ - 100 me) 

2N3903 

2N3904 

l»fel. 

2.5 

3.0 

— 

— 

Cur rent- Gain- Bandwidth Product 
(I c = 10 mA, V C£ - 20 V, 1 - 100 me) 

2N3903 

2N3904 

*T 

250 

300 

- 

me 

Output Capacitance 
(Vcb * 5 Vdc » I E - 0, f - 100 kc) 

c ob 

- 

4 

P* 

Input Capacitance 

(V 0B - 0.5 Vdc, Ic - 0, £ * 100 kc) 

Cib 

— 

6 

pi 

Small Signal Current Gain 
(IC - 1.0 mA, V C£ - 10 V, £ - 1 kc) 

2N3903 

2N3904 

h le 

50 

100 

200 

400 

— 

Voltage Feedback Ratio 
(Ic " 1.0 mA, V C£ - 10 V, £ - 1 kc) 

2N3903 
2N 3904 

^re 

0.1 

0.5 

5.0 

6.0 

X10~* 

Input Impedance 
(Ic ■ 1.0 mA, 

V CE - 10 V, £ ■ 1 kc) 

2N3903 

2N3904 

>He 

0.5 

1.0 

8 

10 

Kohme 

Output Admittance 

dc » 1.0 mA, V C£ - 10 V, f - 1 kc) 

Both Types 

h oe 

1.0 

40 

/imho* 

Noise Figure 

• 100 MA, V C£ • 5 V, R- -1 Kohme, 
Noise Bandwidth ■ 10 cps to 15. 7 kc) 

2N3903 

2N3904 

NF 

- 

6 

5 

db 

SWITCHING CHARACTERISTICS 

Delay Time 

V CC - 3 Vdc, V 0B " 0.5 Vdc, 


‘d 

— 

35 

nsec 

Rise Time 

Ic ■ 10 mAdc, I B J - 1 mA 


*r 

— 

35 

nsec 

Storage Time 

Vce ■ 3 Vdc, Ic - 10 mAdc, 
Ifil ” I B 2 " 1 mAdc 

2N3903 

2N3904 


— 

175 

200 

nsec 

Fall Time 


*£ 

— 

50 

nsec 


•Pulse Test: Pulse Width - S00 Duty Cycle - 2% V QB - Base Emitter Reverse Bias 
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APPENDIX 1-5* 


2n3905 (SILICON) 
2n3906 



v ci = 40 V 
l c = 200 mA 
Cob = 4.5 pf (max) 


CASE 29 

(TO-92) 



PNP silicon annular transistor, designed for gen- 
eral purpose switching and amplifier applications , 
features one-piece, injection-molded plastic package 
for high reliability. The 2N3905 and 2N3906 are com- 
plementary with types 2N3903 and 2N3904, respectively. 


MAXIMUM RATINGS (Ta = 25 # C unless otherwise noted) 


Characteristic 

Symbol 

Rating 

Unit 

Collector- Base Voltage 

V CB 

40 

Vdc 

Collector- Emitter Voltage 

v CEO 

40 

Vdc 

Emitter-Base Voltage 

V EB 

5 

Vdc 

Collector Current 

*C 

200 

mAdc 

Total Device Dissipation @ T A = 60°C 

PD 

210 

mW 

Total Device Dissipation @ T^ = 25°C 

P D 

310 

mW 

Derate above 25°C 


2.81 

mW/°C 

Thermal Resistance, Junction to Ambient 

0 JA 

0.357 

°C/mW 

Junction Operating Temperature 

Tj 

135 

°C 

Storage Temperature Range 

T stg 

-55 to +135 

°c 


ELECTRICAL CHARACTERISTICS (Ta = 25 °C unless otherwise noted) 


Characteristic 

Symbol 

Min 

Max 

Unit 

OFF CHARACTERISTICS 

Collector- Base Breakdown Voltage 
(1^ = 10 MAdc, I E = 0) 

BV CBO 

40 

- 

Vdc 

Collector- Emitter Breakdown Voltage* 
(l£ = 1 mAdc) 

bv ceo* 

40 

- 

Vdc 

Emitter-Base Breakdown Voltage 
(I E = 10 MAdc, Iq = 0) 

bv ebo 

5 

- 

Vdc 

Collector Cutoff Current 
(V CE = 40 Vdc > v OB = 3 Vdc) 

k:EX 

- 

50 

aAdc 

Base Cutoff Current 
(V CE - 40 Vdc, V OB = 3 Vdc) 

! bl 

- 

50 

nAdc 


Vq B - Base Emitter Reverse Bias 


•Pulse Test: Pulse Width - 500 v sec, Duty Cycle - 2% 

Courtesy of Motorola, Inc. 
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2N3905, 2N3906 (continued) 


ELECTRICAL CHARACTERISTICS (continued) 


Characteristic 

Symbol 

Min 

Max 

Unit 

ON CHARACTERISTICS 

DC Current Gain* 


h FE* 



— 

(1^ =0.1 rnAdc, V EE = 1 Vdc) 

2N3905 


30 

— 


2N3906 


60 

— 


(1^ =1.0 mAdc, V^£ = 1 Vdc) 

2N3905 


40 

— 


2N3906 


60 

— 


= 10 mAdc, V CE = 1 Vdc) 

2N3905 


50 

150 


2N3906 


100 

300 


(Iq = 50 mAdc, V CE = 1 Vdc) 

2N3905 


30 

— 


2N3906 


60 

— 


= 100 mAdc, V CE = 1 Vdc) 

2N3905 


15 

— 


2N3906 


30 

— 


Collector- Emitter Saturation Voltage* 


V CE(sat)* 


0.25 

Vdc 

(Ic = 10 mAdc, Ib = 1 mAdc) 


— 


(I^ = 50 mAdc, Ig = 5 mAdc) 



— 

0.4 


Base-Emitter Saturation Voltage* 


V BE(sat)" 

0.65 

0.85 

Vdc 

(l£ = 10 mAdc, = 1 mAdc) 



= 50 mAdc, I B = 5 mAdc) 



— 

0.95 



SMALL SIGNAL CHARACTERISTICS 


High-Frequency Current Gain 

2&3905 

iNel 

2.0 

— 

— 

= 10 mAdc, V CE = 20 Vdc, f = 100 me) 

2N3906 

2.5 

— 


Current- Gain— Bandwidth Product 

2N3905 


200 

— 

me 

= 10 mAdc, V CE = 20 Vdc, l = 100 me) 

2N3906 


250 

— 


Output Capacitance 


C ob 



pf 

( V CB = 5 Vdc, I E = 0, f = 100 kc) 


— 

4.5 


Input Capacitance 


C ib 


10 

Pf 

(V OB = 0.5 Vdc, Ic = 0, f = 100 kc) 


— 


Small Signal Current Gain 

2N3905 

hfe 

50 

200 

— 

(IC = 1.0 mA, V C£ = 10 V, f = 1 kc) 

2N3906 


100 

400 


Voltage Feedback Ratio 

2N3905 

h re 

0.1 

5 

xie -4 

= 1.0 mA, V C£ = 10 V, t =1 kc) 

2N3906 

1.0 

10 


Input Impedance 

2N3905 

h ie 

0.5 

8 

Kohms 

= 1.0 mA, V CE = 10 V, l = 1 kc) 

2N3906 

2.0 

12 


Output Admittance 

2N3905 

h oe 

1.0 

40 

4 mhos 

(1^, = 1.0 mA, V C£ = 10 V, f = 1 kc) 

2N3906 

3.0 

60 


Noise Figure 


NF 


5.0 

db 

(1^, = 100 pA, V CE = 5 V, R g = 1 Kohmu, 
Noise Bandwidth = 10 cps to 15. 7 kc) 

2N3905 


— 


2N3906 


— 

4.0 



SWITCHING CHARACTERISTICS 


Delay Time 

V cc = 3 Vdc, V OB = 0.5 Vdc, 
l£ = 10 mAdc, I B j = 1 mA 

l d 

— 

35 

nsec 

Rise Time 

l r 

— 

35 

nsec 

S'.orage Time 


2N3905 


— 

200 

nsec 


V CC = 3 vdc ’ *C = 10 mAdc * 

2N3906 


— 

225 


Fall Time 

*B1 = *B2 = 1 mAdc 

2N3905 


— 

80 

nsec 



2N3906 



75 



•Pulse Test: PW - 300 psec, Duty Cycle = 2% V QB = Base-Emitter Reverse Bias 
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APPENDIX 1-6* 


TYPES 2N929, 2N930 
N-P-N PLANAR SILICON TRANSISTORS 



FOR EXTREMELY LOW-LEVEL, LOW-NOISE, HIGH-GAIN, 

SMALL-SIGNAL AMPLIFIER APPLICATIONS 

• Guaranteed h, E at 10 pa, T, = — 55°C and 25°C 

• Guaranteed Low-Noise Characteristics at 10 pa 

• Usable at Collector Currents as Low as 1 pa 

• Very High Reliability 

• 2N929 and 2N930 Also Are Available to MIL-S-1 9500/2S3 (Sig 0 


* mechanical data 



* absolute maximum ratings at 25°C free-air temperature (unless otherwise noted) 


Collector-Bose Voltage 45 v 

Collector-Emitter Voltage (See Note 1) 45 v 

Emitter-Base Voltage 5 v 

Collector Current 30 ma 

Total Device Dissipation at (or below) 25°C Free-Air Temperature (See Note 2) . . . . 300 mw 

Total Device Dissipation at (or below) 25°C Case Temperature (See Note 3) .... 600 mw 

Operating Collector Junction Temperature . . 175 # C 

Storage Temperature Range — 65°C to 4 200°C 


NOTES I This value applies when the base emitter diode is open -circuited 

1 Oerate linearly la 17S°C free air temperature at the role of ? 0 m»/C° 
3 Oerate lineorly ta US°C rose temperature at the rote of 4 0 mw/(® 

’indicates JFOFt registered data 


^Courtesy of Texas Instruments, Incorporated 
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TYPES 2N929, 2N930 

N-P-N PLANAR SILICON TRANSISTOR 


‘•(•ctrical characteristics at 25*C free-air temperature (unless otherwise noted) 







2N929 

2N930 

UNIT 


r AKAMblcK 


i vvnui i ivnj 

MIN 

MAX 

MIN 

MAX 

BVceo 

Collector-Emitter Breakdown Voltage 

l c — 10 ma, 

i.= o, 

(See Note 4) 

45 


45 


V 

BV eio 

Emitter-Base Breakdown Voltage 

l E = 10 na 

i c — o 


5 


5 


V 

lc»o 

Collector Cutoff Current 

Vc. = 45 v, 

u = o 



10 


10 

na 

'css 

Collector Cutoff Current (See Note 5) 

V c£ — 45 v. 

V K — 0 



10 


10 

na 

V« = 45 v. 

V* = 0, 

170°C 


10 


10 

flC 

lc£0 

Collector Cutoff Current 

Vce = 5 v. 

1. = 0 



2 


2 

no 

U»o 

Emitter Cutoff Current 

V t , = 5 v, 

i c — o 



10 


10 

na 



Vce = 5 v. 

l c = 10 ft a 


40 

120 

100 

300 



Static Forward Current Transfer Ratio 

Vce = 5 v. 

l c = 10 fta, 

T a = — 55°C 

10 


20 




Vce = 5 v. 

1 c = 500 fta 


60 


150 





V« = 5 v. 

Ic = 10 mo, 

(See Note 4) 


350 


600 


V«e 

Base-Emitter Voltoge 

!i = 0.5 ma, 

l c = 10 mo. 

(See Note 4) 

0.6 

1.0 

0.6 

1.0 

V 


Collector-Emitter Saturation Voltage 

li = 0.5 mo. 

l c = 10 ma, 

(See Note 4) 


1.0 


1.0 

V 

h,b 

Small-Signal Common-Base 
Input Impedance 

Vce = 5 v, 

l £ = — 1 mo. 

f = 1 kc 

25 

32 

25 

32 

ohm 

hrb 

Smoll-Signal Common-Base 
Reverse Voltoge Transfer Ratio 

Vc. = 5 v, 

l £ = — 1 ma, 

f = 1 kc 

0 

6.0 x 

io- 4 

0 

6.0 x 
10- 


ho*, 

Small-Signal Common-Base 
Output Admittance 

Vc. = 5 v. 

l £ = — 1 mo, 

f = 1 kc 

0 

1.0 

0 

1.0 

fun ho 

hi. 

Small-Signal Common-Emitter 
Forward Current Transfer Ratio 

Vce = 5 v. 

l c = 1 mo, 

f = 1 kc 

60 

350 

150 

600 


!hf,| 

Small-Signal Common-Emitter 
Forward Current Transfer Ratio 

Vce = 5 v, 

l c = 500 ft a. 

f = 30 me 

1.0 


1.0 



Cob 

Common Base Open-Circuit 
Output Capacitance 

Vc. = 5 v, 

u — o. 

f = 1 me 


8 


8 

(rf 


* operating characteristics at 25°C free-air temperature 


PARAMETER 

TEST CONDITIONS 

2N929 

2N930 

UNIT 

MAX 

MAX 

NF Average Noise Figure 

Vce = 5 v, l c = 10 fzo, R ft = 10 k Cl 
Noise Bandwidth 10 cps to 15.7 kc 

4 

3 

db 


NOTES 4 Thti« p«ramit«ri mwtl b« m«o>urtd ininf pulv* iKhniqwn : TOO pm, Dvlj (f(l« < 2% 

J l C£S mor b« MMd is plo<« »1 l c>0 lot (licnit liability tal(«lalicni. 

• JEOEC i*giil«rod dots 
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APPENDIX 1-7* 


TYPES 2N4418 AND 2N4419 
M-P-N EPITAXIAL PLANAR SILICON TRANSISTORS 


SIlECT t TRANSISTORS FOR HIGH-SPEED SWITCHING APPIICATIONS 

• 2N4418 Electrically Similar to the 2N2369 

• Rugged, One-Piece Construction with Standard TO-18 100-mil Pin Circle 


mechanical data 


These transistors are encapsulated in a plostic compound specificolly designed for this purpose, using a 
highly mechanized process^ developed by Texos Instruments. The case will withstood soldering tempera- 
tures without deformation. These devices exhibit stable characteristics under high-humidity conditions and 
ore capable of meeting MIL-STD-202C method 106B. The tronsisfors ore insensitive to light. 



absolute maximum ratings at 25°C free-air temperature (unless otherwise noted) 


2N4418 2N4419 

Collector-Base Voltage . 40 V 30 V 

Collector-Emitter Voltoge (See Note 1) 40 V 30 V 

Collector-Emitter Voltoge (See Note 2) 15 V 12 V 

Emitter-Bose Voltage 4.5 V 4.5 V 

Continuous Collector Current -< — 200 mA — 

Peak Collector Current (See Note 3) -< — 500 mA — 

Continuous Device Dissipation ot (or below) 25°C Free-Air Temperature (See No»e 4) . -< — 360 mW — >- 

Continuous Device Dissipation at (or below) 25°C Leod Temperoture (See Note 5) . -< — 500 mW — y 

Storage Temperature Range -65°C to 150°C 

Lead Temperature K* Inch from Cose for 10 Seconds — 260®C — y 

electrical characteristics at 25°C free-air temperature (unless otherwise noted) 


PARAMETER 

TEST CONDITIONS 

2N4418 

2N4419 

UNIT 

MIN MAX 

MIN MAX 

V|8A)C8o Collector Bose Breokdown Voltage 

l C = 10 fJLk, l E = 0 

40 

30 

V 

V|w)ceo Collector-Emitter Breokdown Voltoge 

l c 10 mA, l> 0, See Note 6 

15 

12 

V 

Vjbrjces Collector Emitter Breokdown Voltoge 

l c = 10 ft*. V K = 0 

40 

30 

V 

V|8R}ebo Emitter-Base Breokdown Voltage 

,I E 10 //A. I c = 0 

4.5 

4.5 

V 

lc»o Collector Cutoff Current 

V c . = 20 V, l E = 0 

0.4 

0.4 

fxK 

Vcs = 20 V, l £ = 0, T a = 70°C 

3 

3 


Ubo Emitter Cutoff Current 

V» - 3 V, lc = 0 

20 

25 

nA 

Hk Static forward Current Transfer Ratio 

V CE = 1 V, l c - 10 mA, See Note 6 

40 120 

30 


V CE = 2 V, l c = 100 mA, See Note 6 

20 



V K Bose-Emitter Voltoge 

li = 1 mA, l c = 10 mA 

0.72 087 

0 72 0.87 

V 

Vce(s.i) Collector Emitter Saturation Voltoge 

l B = 1 mA, lc = 10 mA 

0.25 

0.25 

V 

, , Smoll-Signol Common Emitter 

hf * Forwoid Current Tronsfer Ratio 

V C e 10 V, l c = 10 mA, f = 100 MHz 

5 

4 


C cb Collector-Base Copocitonce 

V« 5 V, l E = 0; f = t MHz, 

See Hole 7 

4 

4 

PF 


OTES 1. lhit value applies when the bose emitter diode is short circuited 

2 These values apply between 0 ond 200 mA collector current when the base 
emitter diode is open-cixuited Manmum toted voltoge ond 200 mA collector 
current may be simulloneousty applied provided the lime ot opplicolion is 
10 fit at less ond the duty cycle is 2% ot less 

3 This value opplies for t p < 10 yes ond duty cycle < 2%. 

4 Derole linearly to 1S0°( tree air temperoture at the rale ot 2 88 mW/deg 


S. Derote tineorly to 1 S0°C leod lempeiatuie ot the rote of 4 mW/deg leod 
temperature is meosured on the collector leod 1/18 inch from fhe case 
t These paromelers must be measured using pulse techniques 1^ = 300 yes. 
duty cycle < 2% 

7 C cfa is measured using three terminal ’Indicates 3E0EC registered data 
measurement techniques with the fTrodemark ot Teios Instruments 

emitter guarded tFolent Fending 


^Courtesy of Texas Instruments, Incorporated 
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TYPES 2N4418 AND 2N4419 

N-P-N EPITAXIAL PLANAR SILICON TRANSISTORS 


* switching characteristics at 25°C free-air temperature 


PARAMETER 

TEST CONDITlONSf 

2N44T8 

MAX 

2N4419 

MAX 

UNIT 

t d Delay Time 

lc — 10 mA, Ib< i ) — 1 mA, Vk(oH) — 0, 
R l = 280 Cl, See Figure 1 

10 

10 

ns 

t r Rise Time 

12 

14 

ns 

tc Turn-on Time 

20 

22 

ns 

t. Storage Time 

lc — 10 mA, l|(t] — 1 mA, 1^2] — — 1 mA, 
Rt = 280 Cl, See Figure 2 

12 

14 

ns 

ty Fall Time 

14 

16 

ns 

t oti Turn-off Time 

22 

28 

ns 

t, Storage Time 

l c = 10 mA, l^,) = 10 mA, l|(2) = -10 mA, 
See Figure 3 

18 

20 

ns 


fVolloge and current values shown ore nominal; eeoct values very slightly with trensister parameters. 


* PARAMETER MEASUREMENT INFORMATION 





FIGURE 3 



U- !>•*{ 

{See Notes a and c) 
VOLTAGE WAVEFORMS 


MOTES o The input waveforms ore supplied by o generator with the following characteristics: = SO ft, l f < 1 ns, t p > 700 ns, duty cycle < 7% 

b Waveforms of figures 1 and 7 ore monitored on on oscilloscope wilh the following characteristics t f < 1 ns, t (n > 100 kil, ( |f| < 10 pF 
c Output waveform of figure 3 it monitored on on oscilloscope wilh the following charocteristlcs. I f < 1 ns, Z |n = SO ft. 

•Indicates JE0EC registered data 
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APPENDIX 1-8* 


TYPES 2N4856, 2N4857, 2N4858, 2N4859, 2N4860, 2N4861 
N-CHANNEL EPITAXIAL PLANAR SILICON FIELD-EFFECT TRANSISTORS 


SYMMETRICAL N-CHANNEL FIELD-EFFECT TRANSISTORS 
FOR HIGH SPEED COMMUTATOR AND CHOPPER APPLICATIONS 
2N4859 Formerly TIXS41 

• low rds(on): 25 fi Mox (2N4856, 2N4859) 

• Low lD(off): 0.25 nA Max 


‘mechanical data 


THE GATE IS IN ELECTRICAL CONTACT WITH THE CASE 



ALL JEDEC TO 18 DIMENSIONS 
AND NOTES ARE APPLICAILE 


ALL DIMENSIONS AAE 
i INCHES 
UNLESS OTHERWISE 
SPECIFIED 


‘absolute maximum ratings at 25°C free-air temperature (unless otherwise noted) 


Drain-Gate Voltage 

Drain-Source Voltage 

Reverse Gate-Source Voltage 

Forward Gate Current 

Continuous Device Dissipation ot (or below) 25°C Free-Air Temperature (See Note 1) 

Storoge Temperoture Range 

Lead Temperoture X* Inch from Case for 10 Seconds 


2N4856 

2N4859 

2N4857 

2N4860 

2N4858 

2N4861 

40 V 

30 V 

40 V 

30 V 

-40 V 
-< 50 nr 

-30 V 
iA >■ 


■4- — 360 mW y 

— 65°C to 200°C 
< 300°C y 


NOTE I Oetole linearly la 17S°( free air lemperalurt al Hie rote of 2 4 mW/deg 
*lndi<olei JEDEC regitlertd dota 


^Courtesy of Texas Instruments, Incorporated 
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TYPES 2N4856 THRU 2N4861 

N-CHANNEL EPITAXIAL PLANAR SILICON FIELD-EFFECT TRANSISTORS 


‘electrical characteristics at 25°C free-air temperature (unless otherwise noted) 


PARAMETER 

TEST CONDITIONS 

2N48S6 

2N4857 

2N4858 

2N4859 

2N4860 

2N 4861 


MIN MAX 

MIN MAX 

MIN MAX 

MIN MAX 

MIN MAX 

MIN MAX 

UNIT 

Gal* Souk t 

V|»|SSS Irtakdown Voltaga 

«G = -1 V DS = 0 

-40 

-40 

-»0 

-30 

-30 

-30 

V 

Gal* lavart* 
*&SS Currtnl 

V ss = -20 V. V os = 0 

—0 25 

—0 25 

-0 25 




nA 

V GS = -20 V. V DS = 0. 
T a = 1J0*C 

-0.5 

-0 5 

-0.5 




A* 

Vss = -'S V. V DS = 0 




-0 25 

-0 21 

-0 25 

nA 

V 6S = -1SV, V DS = 0. 
t a = 1»«C 




-0 5 

-0 5 

-05 

A* 

Orain Cotoll 
'WoffJ Current 

v D s = V- V GS = -10 V 

0.25 

0.25 

0.25 

0 25 

025 

025 

nA 

V DS^‘ SV . V 6S = -10 V, 
t a = 1S0°C 

OS 

OS 

OS 

05 

0 5 

0 5 

A* 

Gal* Sour<« 
Cutoff Voltaga 

V 0S =1SV. I 0 = 0.5 nA 

—4 -10 

-2 -4 

-08 -4 

-4 -10 

-2 -4 

-08 -4 

V 

Zarn- Gotl- 
l DSS Voltogo 

Drain Currtnt 

V DS = I* V, V 6S = 0. 

So* Nat* 2 

50 

20 100 

8 80 

50 

20 100 

8 80 

mA 

Drain Souki 

V DS«ml 0nS,0,, 
Voltaga 

l D = 20 mA, V GJ = 0 

075 



075 



V 

l D = 10 mA, V GS = 0 


0 50 



0.50 


V 

l D = S mA. V GS = 0 



0.50 



0.50 

V 

Small-Signal 
Oroin Sourca 
f dilon| On-Stat* 

f aiistanco 

v e s = 0. >0 = o. 

1 = 1 kHi 

2S 

40 

40 

25 

40 

40 

0 

Common Sourci 

Short-Circuit 

Input 

Capocitonc* 

v 6 s = -if v. v os = 0 . 

f = 1 UHx 

18 

18 

18 

18 

18 

18 

ft 

Common Saurca 
Short-Circuit 

(r “ fovani Tramlor 

Capacilonca 

Vss = -10 V, V 0S = 0. 
1 = 1 MNi 

6 

8 

8 

8 

8 

• 

pf 


‘switching characteristics at 25°C free-air temperature 


PARAMETER 

TEST CONDITIONS 

2N4656 

2N48S9 

z z 

££ 

m 
6 S 

2N4858 

2N4861 

UNIT 

MAX 

MAX 

MAX 

Turn-On 

'dtanl D *lay Timt 

_ \ 20 mA (2N48S4, 2N4B59) 

°° * 'of«nlt = ■! TO «* (2N48S7, 2N4840) 

/ S mA (2N4858. 2N4841) 

VsSfanl = °« 

i — TO V (2N4854, 2N485T) 

4 

4 

10 

ni 

t f (in Tima 

3 

4 

10 

at 

'off Turn-011 Tima 

Saa Figure 1 V Gyoffl = -4 V (2N4857. 2N4840J 

M ' ( -4V (2N4858, 7N4841) 

25 

50 

100 

ni 


NOTE 2- Thit paramitir mull bi m«atur«d winy puli* t*(hniqu*t. 1^ tas TOO im, duty cjrcl* < 10* / , 
*>ndicalat JEOEC riqii t«r*d doll 

tlbtii an nominal taluat; tiocf «olu«t »ai> t lightly with Irantiilor param«f*rt 
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APPENDIX 1-9* 


2n5457 (SILICON) 

Silicon N-channel junction field-effect transistors de- 
pletion mode (Type A) designed for general-purpose 
audio and switching applications. 


Drain and source may be 
interchanged. 


ELECTRICAL CHARACTERISTICS (T. ?S*C noted, 1 


Characteristic 

Symbol 

Min 

Typ 

Max 

Unit 

OfF CHARACTERISTICS 

Gate-Source Breakdown Voltage 
(Iq = -lOyAdc, Vpg = 0) 

BV GSS 

25 

- 

- 

Vdc 

Gate Reverse Current 
(Vqs = “15 Vdc, Vds = 0) 


'gss 

_ 

_ 

1.0 

nAdc 

( V GS = -15 Vdc, Vqs - o. t a = 100°C) 



- 

- 

200 


Gate-Source Cutoff Voltage 
(Yds = 15 Vdc, to = 10 "Adc) 

2N5457 

V GS(off) 

0.5 

_ 

6.0 

Vdc 


2N5458 


1.0 

— 

7.0 



2N5459 


2.0 

- 

8.0 


Gate-Source Voltage 
(Vds = 15 Vdc. 1 D - lOOpAdc) 

2N5457 

V GS 



2.5 



Vdc 

(V DS = 15 Vdc, I D - 200 M Adc) 

2N5458 


— 

3.5 

— 


(V DS = 15 Vdc, l D ^ 400 uAdc) 

2N5459 


— 

4.5 

— 



ON CHARACTERISTICS 


Zero-Gate-Voltage Drain Current HI 

!dsS 




mAdc 

(YDS = 15 Vdc - V GS = °> 2N5457 , 


1.0 

3.0 

5.0 


2N5458 


2.0 

6.0 

9.0 


2N5459 


4.0 

9.0 

16 



DYNAMIC CHARACTERISTICS 


Forward Transfer Admittance Itl 
(Yds = 15 Vdc * V GS = 0, l = 1 kHz) 2N5457 

2N5458 
2N5459 

Kl 

1000 

1500 

2000 

3000 

4000 

4500 

5000 

5500 

6000 

M mhos 

Output Admittance H* 

(Vds = 15 Vdc, Vqs = O. I = 1 kHz) 

M 



10 

50 

M mhos 

bi(Wt Capacitance 

(Vds * 15 Ydc, Vqs = 0. f = 1 MHz) 

c tss 



4.5 

7.0 

pF 

Reverse Transfer Capacitance 
(V M = 15 Vdc, Vqs = 0, f = t MHz) 

C rss 

— 

1.5 

3.0 

PF 


Pulse Test: Pulae Width < 630 ms, Duty Cycle < 10% 

Continuous pat k age improvement have enhanced thete guaranteed Mjmm u m Ranngt at lollowi Pq IOWPTj = ?5°C. 
Oarate above 25°C SOmW/°C.Tj 65 to ♦ 150°C 6 JC 1 ?S° C/W 


^Courtesy of Motorola, Inc. 


MAXIMUM RATINGS 


Rating 

Symbol 

Value 

Unit 

Drain-Source Voltage 

V DS 

25 

Vdc 

Drain-Gate Voltage 

V DG 

25 

Vdc 

Reverse Gate-Source Voltage 

v 

GS(r) 

25 

Vdc 

Gate Current 

l C 

10 

mAdc 

Total Device Dissipation © T A = 25 °C 

P D 21 

310 

tnW 

Derate above 25°C 


2.82 

mW/Oc 

Operating Junction Temperature 

"Fj 

135 

°C 

Storage Temperature Range 

T stg' ? ’ 

-65 to *150 

°c 


2n5458 

2n5459 


CASE 29 (5) 

(TO-92) 
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APPENDIX 1-10* 

2n4391 (SILICON) 

2n4392 

2n4393 


SILICON N-CHANNEL 
JUNCTION FIELD-EFFECT TRANSISTORS 


Depletion Mode (Type A) Junction Field-Effect Transistors designed 
for chopper and high-speed switching applications. 

• Low Drain Source "On" Resistance — 

r ds(on) = 30 Ohms (Max) @ f = 1 .0 kHz (2N4391 ) 

• Low Gate Reverse Current - 

■GSS = 0.1 nAdc (Max) @ VqS = 20 Vdc 

• Guaranteed Switching Characteristics 


MAXIMUM RATINGS 


Rating 

Symbol 

Value 

Unit 

Drain-Source Voltage 

V DS 

40 

Vdc 

Drain-Gate Voltage 

V DG 

40 

Vdc 

Gate -Source Voltage 

V GS 

40 

Vdc 

Forward Gate Current 

*G(f) 

so 

mAdc 

Total Device Dissipation 25°C 

P D 

1. 8 

Watts 

Derate above 25° C 


10 

mW/’C 

Operating Junction Temperature Range 

T J 

-65 to 075 

°C 

Storage Temperature Range 

T stg 

-65 to *200 

°c 


N-CHANNEL 

JUNCTION FIELD EFFECT 
TRANSISTORS 

(Type A) 



FIGURE 1 SWITCHING TIMES TEST CIRCUIT 




*Courtesy of Motorola, Inc. 
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2N4391, 2N4392, 2N4393 (continued) 


ELECTRICAL CHARACTERISTICS (T* = 25*C unless otherwise noted) 


Characteristic 

Symbol 

Min 

Max 

Unit 


OFF CHARACTERISTICS 


Gate -Source Breakdown Voltage 
(I G = 1.0MAdc, V DS = 0) 

V (BR)GSS 

40 

- 

Vdc 

Gate-Source Forward Voltage 


V GS(I) 



Vdc 

(l G = 1.0mAdc, V DS -0) 


■ 

1. 0 


Gate-Source Voltage 


V GS 



Vdc 

( V Ds = 20 Vdc, ^ = 1.0 nAdc) 

2N4391 

4.0 

10 


2N4392 


2.0 

5.0 



2N4393 


0.5 

3.0 


Gate Reverse Current 


‘gss 



nAdc 

(V GS ^ 20 Vdc. V DS = 0) 


- 

0. 1 


(V GS -20 Vdc, Vds =0. T a -150“C) 




0.2 

M Adc 

Drain-Cutolt Current 


4>(oir) 



nAdc 

(V DS = 20 VdC ’ V GS = 12 Vdc) 

2N4391 

- 

0. 1 


(V DS - 2 ° Vdc. V GS = 7.0Vdc) 

2N4392 


- 

0. 1 


(V Dg =20 Vdc, V GS = 5.0Vdc) 

2N4393 


- 

0. 1 


(V DS = 20 Vdc, V GS = 12 Vdc, - 150°C) 

2N4391 


- 

0.2 

MAdc 

(V DS = 20 Vdc, V GS = 7. 0 Vdc, T A - 150“ C) 

2N4392 


- 

0.2 


(V DS = 20 Vdc, V GS = 5. 0 Vdc, T A = 150° C) 

2N4393 



0.2 



ON CHARACTERISTICS 


Zero-Gate Voltage Drain Current (1) 


‘dss 



mAdc 

< V DS =2 ° Vdc * V GS = 0) 

2N4391 

50 

150 


2N4392 


25 

75 



2N4393 


5.0 

30 


Drain-Source “ON" Voltage 


V DS(on) 



Vdc 

dp - 12 mAdc, V GS = 0) 

2N4391 

* 

0.4 


(I D = 6. 0 mAdc, V GS = 0) 

2N4392 



0. 4 


(I D = 3.0 mAdc, V GS = 0) 

2N4393 


- 

0.4 


Static Drain-Source "ON" Resistance 


r DS(on) 



Ohms 

(Ip = 1.0 mAdc, V GS = 0) 

2N4391 

- 

30 


2N4392 


- 

$0 



2N4393 


- 

100 



SMALL-SIGNAL CHARACTERISTICS 


Drain-Source "ON" Resistance 
(V GS = 0, Ip = 0, 1 = 1.0 kHz) 

2N4391 

2N4392 

2N4393 

F ds(on) 


30 

60 

100 

Ohms 

Input Capacitance 

(V DS = 20 Vdc ’ V GS = °- 1 = *• 0 MHz) 

C iss 

- 

14 

PF 

Reverse Transler Capacitance 
(V DS = °’ V GS = 12 Vdc ' 1 = 10 MHz > 

2N4391 

C rss 

- 

3.5 

PF 

(V DS = °’ V GS = 7 ' ° Vdc * 1 = 10 MHz) 

2N4392 


- 

3.5 


(Yog = 0. V GS = 5. 0 Vdc, 1 = 1.0 MHz) 

2N4393 


' 

3.5 



SWITCHING CHARACTERISTICS 


Turn-On Time (See Figure 1) 
(*D(on) = 12 mAdc) 

( Wn) =80mAdc) 

dD ( on)= 3 -0m Ad c) 

2N4391 

2N4392 

2N4393 

‘on 

- 

15 

15 

15 

ns 

Rise Time (See Figure 1) 





ns 

dD(on) = 12 mAdc) 

2N4391 


- 

5.0 


<Wn) =6 -° mAdc) 

2N4392 


- 

5.0 


<Wn) = 3 0 mAdC) 

2N4393 


- 

5.0 


Turn-Oil Time (See Figure 1) 


*o!l 



ns 

<V GS(o.0 = ,2Vdc) 

2N4391 


- 

20 


(V GS(oH) =7 -° Vdc) 

2N4392 


- 

35 


(V GS(od) =5 '° VdC) 

2N4393 


' 

50 


Fall Time (See Figure 1) 





ns 

(V GS(oIt) = 12 Vdc) 

2N4391 


- 

15 


(V GS(oIl) = 7 ‘ ° Vdc) 

2N4392 


- 

20 


< V GS(o«l)- 50VdC) 

2N4393 


- 

30 



Pulse Test: Pulse Width * 100 ms, Duty Cycle <1.0%. 
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APPENDIX 1-11* 


MA741 

FREQUENCY-COMPENSATED OPERATIONAL AMPLIFIER 

FAIRCHILD LINEAR INTEGRATED CIRCUITS 


GENERAL DESCRIPTION — The yA741 is a high performance monolithic Operational Amplifier 
constructed using the Fairchild Planar* epitaxial process. It is intended lor a wide range of analog 
applications. High common mode voltage range and absence of "latch-up" tendencies make the 
jiA741 ideal for use as a voltage follower. The high gain and wide range of operating voltage provides 
superior performance in integrator, summing amplifier, and general feedback applications. 


CONNECTION DIAGRAMS 
8 LEAD METAL CAN 
(TOP VIEW) 

PACKAGE OUTLINE 5B 


• NO FREQUENCY COMPENSATION REQUIRED 

• SHORT CIRCUIT PROTECTION 

• OFFSET VOLTAGE NULL CAPABILITY 

• LARGE COMMON MODE AND DIFFERENTIAL VOLTAGE RANGES 

• LOW POWER CONSUMPTION 

• NO LATCH UP 

ABSOLUTE MAXIMUM RATINGS 

Supply Voltage t 

Military (741) 

Commercial (741C) 

Internal Power Dissipation (Note 1) 

Metal Can 
DIP 

Mini DIP 
Flatpak 

Differential Input Voltage 
Input Voltage (Note 2) 



±22 V 
±18 V 

500 mW 
670 mW 
310 mW 
570 mW 
±30 V 
±15 V 


ORDER INFORMATION 
TYPE PART NO. 

741 741 HM 

741C 741 HC 


14-LEAD DIP 

(TOP VIEW) 

PACKAGE OUTLINE 6A 



Storage Temperature Range 
Metal Can, DIP, and Flatpak 
Mini DIP 

Operating Temperature Range 
Military (741) 

Commercial (741C) 

Lead Temperature (Soldering) 

Metal Can, DIP, and Flatpak (60 seconds) 
Mini DIP (10 seconds) 


-65° C to +150'C 
— 55°C to +125"C 

— 55°C to + 1 25° C 
0°C to +70°C 


300° C 
260° C 


ORDER INFORMATION 
TYPE PART NO. 

741 741 DM 

741C 7410C 


10 L EAu FLATPAK 
(TOP VIEW) 

PACKAGE OUTLINE 3F 



^Courtesy of Fairchild Semiconductors 
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741 


ELECTRICAL CHARACTERISTICS (V s * ±15 V, T A = 25°C unless otherwise specified) 


PARAMETERS (see definitions) 

CONDITIONS 

MIN. 

TYP. 

MAX. 

UNITS 

Input Offset Voltage 

Rg < 10 k« 


1.0 

5.0 

mV 

Input Offset Current 



20 

200 

nA 

Input Bias Current 



80 

500 

nA 

Input Resistance 


0.3 

2.0 


Mfi 

Input Capacitance 



1.4 


pF 

Offset Voltage Adjustment Range 



t15 


mV 

Large Signal Voltege Gain 

Rl > 2 k n, VoUT = no V 

50,000 

200,000 



Output Resistance 



75 


n 

Output Short Circuit Current 



25 


mA 

Supply Current 



1.7 

2.8 

mA 

Power Consumption 



50 

85 

mW 

Transient Response 
(Unity Gam) 

Risetime 

V|fg = 20 mV, R L = 2 k«.C L < 100 pF 


0.3 


MS 

Overshoot 


5.0 


% 

Slew Rate 

R l > 2 kfl 


0.5 


V/ms 


The following specifications apply for — 55°C < T A < +125 C: 


Input Offset Voltege 

Rg < 10 ktt 


1.0 

6.0 

mV 

Input Offset Current 

T A = +1 25°C 


7.0 

200 

nA 

T A = -55° C 


85 

500 

nA 

Input Bias Current 

T A = +125°C 


0.03 

05 

M A 

T A « -55° C 


0.3 

1.5 

mA 

Input Voltage Range 


±12 

±13 


V 

Common Mode Rejection Ratio 

Rg < 10 kft 

70 

90 


dB 

Supply Voltage Rejection Ratio 

Rg < 10 kH 


30 

150 

MV/V 

Large Signal Voltage Gam 

R L > 2 kfl. V 0 UT = ±10 V 

25,000 




Output Voltage Swing 

R L > 10 kft 

±12 

±14 


V 

R l > 2 kn 

±10 

±13 


V 

Supply Current 

T A = + 1 25° C 


1.5 

2.5 

mA 

T a = -55° C 


2.0 

3.3 

mA 

Power Consumption 

T a = + 1 25° C 


45 

75 

mW 

T A = — 55°C 


60 

100 

mW 


TYPICAL PERFORMANCE CURVES FOR 741 


OPEN LOOP VOLTAGE GAIN 
AS A FUNCTION OF 
SUPPLY VOLTAGE 



5UPPU VOlTAC(-tV 


OUTPUT VOLTAGE SWING 
AS A FUNCTION OF 
SUPPLY VOLTAGE 










y 










y 

y 





y 


































supn.»va:*a-iv 


INPUT COMMON MODE 
VOLTAGE RANGE AS A 
FUNCTION OF SUPPLY VOLTAGE 
u 


8! “ 
3 u 
H 

I * 

n 

8 * 

I; 


5 10 IS W 

supfu vouta - tv 
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741C 


ELECTRICAL CHARACTERISTICS (Vs = ±15 V, T A = 25°C unless otherwise specified) 


PARAMETERS (see definitions) 

CONDITIONS 

MIN. 

TYP. 

MAX. 

UNITS 

Input Offset Voltage 

R S < 10 kft 


2.0 

6.0 

mV 

Input Offset Current 



20 

200 

nA 

Input Bias Current 



80 

500 

nA 

Input Resistance 


0.3 

2.0 


Mfi 

Input Capacitance 



1.4 


pF 

Offset Voltage Adjustment Range 



±15 


mV 

Input Voltage Range 


±12 

±13 


V 

Common Mode Rejection Ratio 

R S < 10 kft 

70 

90 


dB 

Supply Voltage Rejection Ratio 

RS < 10 kft 


30 

150 

pV/V 

Large Signal Voltage Gain 

R L > 2 kft. V 0 UT = ±10 V 

20,000 

200,000 



Output Voltage Swing 

R l 3* 10 kS2 

±12 

±14 


V 

R l > 2 kS7 

±10 

±13 


V 

Output Resistance 



75 


n 

Output Short Circuit Current 



25 


mA 

Supply Current 



1.7 

2.8 

mA 

Power Consumption 



50 

85 

mW 

Transient Response 
(Unity Gain) 

Risetime 

Vjn 20 mV, R|_ = 2 k«, C L < 100 pF 


0.3 


VS 

Overshoot 


5.0 


% 

Slew Rat' 1 

R l > 2 kft 


0.5 


V/ps 


The following specifications apply for 0°C < T^ < +70° C: 


Input Offset Voltage 




7.5 

mV 

Input Offset Current 




300 

nA 

Input Bias Current 

* 



800 

nA 

Large Signal Voltage Gain 

R l > 2 kft. V 0 UT = ±10 V 

15,000 




Output Voltage Swing 

R l > 2 kfi 

±10 

±13 


V 


TYPICAL PERFORMANCE CURVES FOR 741C 


OPEN LOOP VOLTAGE GAIN 
AS A FUNCTION OF 



OUTPUT VOLTAGE SWING 
AS A FUNCTION OF 
SUPPLY VOLTAGE 


«rc*v«nr*c 





V * 1 














1 


/ 




J 












r 










X 









1 


5 10 IS » 


Suf>*V vOUACI ■ * V 


$ur*.r vauci - • v 


INPUT COMMON MODE 
VOLTAGE RANGE AS A 
FUNCTION OF SUPPLY VOLTAGE 


<rc»v 

1 

•HTC 



nr 





r 





X 





/ 





/ 





> 

x 


















» io » ® 

supry v<xua-«v 


NOTES: 

1 Rating applies to ambient tomperatures up to 70°C. Above 70 C ambient derate linearly at 6.3 mW/ "C for the Metal Can, 8.3 mW/°C for 
the DIP, 5.6 mW/°C for the Mini DIP and 7.1 mW/°C for the Flatpak 

2. For supply voltages less than * 15 V, tha absolute maximum input voltage is equal to tha supply voltage 

3. Short circuit may be to ground or either supply. Rating applies to ♦ 125 C case temperature or 75 C ambient temperature 
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APPENDIX 1-12* 


TYPES 2N3980, 2N4947 THRU 2N4949 
P-N PLANAR UNIJUNCTION SILICON TRANSISTORS 


PLANAR UNIJUNCTION TRANSISTORS SPECIFICALLY CHARACTERIZED 
FOR A WIDE RANGE OF MILITARY, SPACE, AND INDUSTRIAL APPLICATIONS: 
2N3980 for General-Purpose UJT Applications 
2N4947 for High-Frequency Relaxation-Oscillator Circuits 
2N4948 for Thyristor (SCR) Trigger Circuits 
2N4949 for Long-Time-Delay Circuits 

• Planar Process Ensures Extremely Low Leakage, High Performance 
for Low Driving Currents, and Greatly Improved Reliability 


‘mechonicol dota 


Package outline is some as JEDEC TO- 18 except for lead position. All TO-18 registration notes also apply 
to this outline. 



absolute maximum ratings at 25°C free-air temperature (unless otherwise noted) 


Emitter— Base-Two Reverse Voltoge -30 V 

Interbase Voltage See Note 1 

Continuous Emitter Current 50 mA 

Peak Emitter Current (See Note 2) 1 A 

Continuous Device Dissipation ot (or below) 25°C Free-Air Temperature (See Note 3) 360 mW 

Storoge Temperature Ronge -65°C to 200°C 

Lead Temperoture K* Inch from Cose for 10 Seconds 260°C 


hOTES I Initibair Milage u limiled lately fcy power diiiipolioft. V |? ,, y/ i„ • f 

I T hi*. mIui oppliei toi a tapanloi duthaige Ihiough the emitter— bote one diode (orient moil loll I* 0 37 A within ] mi and pul,* repetition role mail net 
eereed 10 ppi 

] Oatal* Imeaily la 17S*( lie* on temperature al the tole ol 2 * mW/deg 


•Induatei JFOEC refliteied data 


^Courtesy of Texas Instruments, Incorporated 
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TYPES 2N3980, 2N4947 THRU 2N4949 

P-N PLANAR UNIJUNCTION SILICON TRANSISTORS 


‘electrical characteristics at 25°C free-air temperature (unless otherwise noted) 


PARAMETER 

TEST CONDITIONS 

2N3960 

2N4947 

2N4948 

2N4949 

UNIT 

MIN MAX 

MIN MAX 

MIN MAX 

MIN MAX 

ifl Sluter laterbase Iniilnit 

*•7 11 ~ 1¥ - > E = 0 

4 1 

4 l.l 

4 11 

4 17 

kU 

Inlerbore lesitlonce 
®'*4 Temperature Coefficient 

Vi. 3 ». 'i = o. 

t A = -4J # C te 100°(, See Mete * 

0 4 0 9 

0.1 0 9 

0.1 0 9 

0.1 0 9 

y./d«9 

Tj IMlinsic Sterrdofl Inlig 

¥ *j It = ••*. S*« F.qure 1 

0 60 0 97 

0 SI 0 49 

0 SS 0 07 

074 0 04 


't7|mod1 Uedvlaltd Inlerbovr Ciin-nt 

v n „ = 18 V, l E =. SO ml. See Net* S 

17 

17 

17 

17 

ml 

l EKO Emitter levrite Censnl 

y EI3 = -» tf. I„ = 0 

-10 

-10 

-10 

-10 

el 

¥ EK--» ¥ . '.,=0. *A='W« 

-1 

-1 

-1 

—l 

A* 

Ip Peak Puint imitler (uutnl 

V.. = «* 

1 

7 

7 

1 


Emitter — leie-One 
V E»l|*et| Saturation Uolloge 

*17 It = 10 *■ U = *•'» S 

1 

3 

3 

) 

* 

l y Volley Point Emitter Current 

V I7-.I »* 

1 10 

4 

3 

3 

ml 

Vq,! Inr One Peak Pulit Teltoge 

See Figure 7 

4 

3 

4 

3 

V 


KOftS 4 Tempfiotme reeltioefll o rM it determined by the lolleeing lainrula r ^ ^ |QjOq _ j ( ^ 

Te obtain r js for d given temperature T^j, *** the lalloeieg tormele I M ^ 

f M(J| = [' + lar«»/ ,0C */.l(I* )jr t5 # ()] 


S There parSmtteri ere meowed iiting pulte technique! l p = 300 |ii, duly eyrie < I*/. 


* PARAMETER MEASUREMENT INFORMATION 



7 ) — Intriniic 5tondoff Rotio — Thu parameter it defined in term* 
of the peak point volfoge, V^, by mean* of the equotion V p =71 
V «H + v r- W V'* V F '* "bout 0 56 volt at 25*C and decrease* 
with temperature at about 3 miilivolts/deg 


The circuit u*ed to meosure 7J it thown -n the figure In thit cir- 
cuit. R,, C, end the unijunction tr'onnstoi form o relokotion oval 
lotor, ond tbe remainder of the circuit serve* o* o peak voltogc 
detector with the diode D, automatically tubtroctmg the valtoge 
V F To u*e the circuit, the "cal" button i« puihed, ond R, it 
odjutted to moke the current meter M, reod full icole The "cal" 
button then it releoied ond the value af 7J i» read directly from 
the meter, with r) = 1 corresponding to full scale deflection af 
100 fiA. 

0, IM57, or eqgitoltnl, eitk Ike foflewing cherectefirticr. 

<t f = 0.S4S 9 «t t f = SO tti, 

1, <I/ait*, = »f 

-TIST CIRCUIT FOR INTRINSIC STANDOFF RATIO (yj) 
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APPENDIX 1-13* 



SILICON PROGRAMMABLE 
UNIJUNCTION TRANSISTORS 


designed to enable the engineer to "program" unijunction char 
acteristics such as Rbb. *7. I V- and Ip by merely selecting two resistor 
values. Application includes thyristor trigger, oscillator, pulse and 
timing circuits These devices may also be used in special thyristor 
applications due to the availability of an anode gate. Supplied in an 
inexpensive TO 92 plastic package for high volume requirements, this 
package is readily adaptable for use in automatic insertion equipment 


• Programmable — RbB< t ?< *V anc * *P 

• Low On State Voltage - 1 5 Volts Maxi mum @ I p r 50 mA 

• Low Gate to Anode Leakage Current 10 nA Maximum 

• High Peak Output Voltage 1 1 Volts Typical 

• Low Offset Voltage 0.35 Volt Typical (Rq = 10 k ohms) 


SILICON 

PROGRAMMABLE UNIJUNCTION 
TRANSISTORS 

40 VOLTS 
375 mW 



MAXIMUM RATINGS 




Rating 

Symbol 

Value 

Unit 

Power Dissipation ( 1 } 

PF 

375 

mW 

Derate Above 25 °C 

1/0JA 

50 

mW/°C 

DC Forward Anode Current(2) 

'T 

200 

mA 

Derate Above 25°C 


2 67 

mA/°C 

•DC Gate Current 

'G 

±50 

mA 

Repetitive Peak Forward Current 

100 *is Pulse Width, 1 0% Dutv Cycle 

•trm 

1 0 

Amp 

• 20 *is Pulse Width, 1 0% Duty Cycle 


20 

Amp 

Non-Repetitive Peak Forward Current 

'tsm 

5 0 

Amp 

10 fis Pulse Width 




• Gate to Cathode Forward Voltage 

v GKF 

40 

Volt 

• Gate to Cathode Reverse Voltage 

v GKR 

-5 0 

Volt 

• Gate to Anode Reverse Voltage 

V GAR 

40 

Volt 

• Anode to Cathode Voltage 

Vak 

♦ 40 

Volt 

Operating Junction Temperature Range 

T J 

-50 to 000 

°C 

• Storage Temperature Range 

T s.g 

-55 to 050 

°C 

'indicates JEOEC Registered Oete 




UljEOEC Registered Dete is 300 mW. derating at 4 0 mW/°C 


<2ljEDEC Registered Dete is 150 mA 



^Courtesy of Motorola, Inc. 
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2N6027, 2N6028 (continued) 


ELECTRICAL CHARACTERISTICS (Ta 25°C unless otherwise noted) 


Characteristic 

Figure 

Symbol 

Min 

Typ 

Max 

Unit 

•Peak Current 


2.9,11 

<P 




*iA 

<V S - 10 Vdc, Rq 1 0 Mill 

2N6027 



- 

1 25 

20 


2N6028 



- 

0 08 

0 15 


(V s 10 Vdc, R G 10 k ohms) 

2N6027 



- 

4 0 

5.0 



2N6028 




0 70 

1 0 


• Offset Voltage 


1 

v T 




Volts 

(Vs = io Vdc, r g i o mil) 

2N6027 



02 

0 70 

1 6 


2N6028 



02 

0 50 

06 


<V S 10 Vdc, R G 10 k ohms) 

(Both Types) 



02 

0 35 

06 


‘Valley Current 


1 4,5, 

'V 




mA 

(Vs = 10 Vdc, R G = 1 0 MU) 

2N6027 



- 

18 

50 


2N6028 




18 

25 


(Vs = 10 Vdc, Rq -10k ohms) 

2N6027 



70 

270 

- 


2N6028 



25 

270 



(Vs = 10 Vdc, Rq = 200 Ohms) 

2N6027 



1 5 

- 

- 

m A 

2N6028 



1 0 




• Gate to Anode Leakage Curreni 



'GAO 



10 

nAdc 

(Vs 40 Vdc, T a 25°C, Cathode Open) 




- 

1 0 


( V s - 40 Vdc, T a 75°C, Cathode Open) 





30 



Gate to Cathode Leakage Current 



'GKS 

- 

5 0 

50 

nAdc 

(Vs " 40 Vdc, Anode to Cathode Shorted) 








* Forward Voltage (Ip 50 mA Peak) 

1.6 

v F j 


08 

1 5 

Volts 

* Peak Output Voltage 


3.7 

v 0 

6 0 

11 

- 

Volts 

(V B 20 Vdc. C C 0 2pF) 




* 




Pulse Voltage Rise Time 


3 

t r 

- 

40 

80 

ns 

(V B 20 Vdc. Cq 0 2 nF) 









* Indicates JE DEC Registered Data 


FIGURE 1 - ELECTRICAL CHARACTERIZATION 


1A 



WITH -PROGRAM RESISTORS 
HI .mil R? 


HI 

R 1 * R? 


VB 



FIGURE IA USEO FOR ELECTRICAL 

characteristics testing 

(ALSO SEE FIGURE 7) 



FIGURE 2 - PEAK CURRENT (Ip) TEST CIRCUIT 


FIGURE 3 - V Q AND t, TEST CIRCUIT 
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APPENDIX 1-14* 


/ 


DUAL J-K FLIP FLOP 


MHTL MC660 series 


MC663P 


Two J-K flip flops in a single package. Each flip-flop has a 
direct reset input in addition to the clocked inputs. 


TRUTH TABLE 


t n 

T n+ 1 

J 

K 

Q 

5 

0 

0 

Q, 

Q, 

1 

0 

1 

0 

0 

1 

0 

l 

1 

1 

Q„ 

Q„ 



Input Loading Factor 
Rq Input = 2 
C Input = 1 .5 
Other Inputs = 1 
Output Loading Factor = 9 

Loading factors are valid from 30°C to +75°C 
with V cc = 15 ± 1 Vdc 
f Tog = 3.0 MHr typ 
Total Power Dissipation = 200 mW typ 


Direct Input (Rq) must be high. 

0 = low state 

1 = high state 

t n = time period prior to negative transition of clock pulse 
t n+1 = time period subsequent to negetive transition of clock pulse 
Q n = state of Q output in time period t n 
NOTE A low stete "0" at the direct reset Rq causes e ^ow state 
”0" at the Q output and the complement et the Q output. 


Q Q, V cc Q Q 
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MC663P (continued) 


ELECTRICAL CHARACTERISTICS 




C p b 



200 ns 
12.5 V 
1 5 V 


t f ^10 jjs 110% to 90%) 
tf ^1.0 nt 190% to 10%) 


TOGGLE MODE TEST CIRCUIT 


2.0 MHz 



t r < 20 ni (10% to 90%) 
tf * 20 ns (90% to 10%) 
DUTY CYCLE - 60% 
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APPENDIX 1-15 


r 




EXPANDABLE DUAL 4-INPUT GATES 

MC930F • MC830F, P 
MC961F • MC861F, P 


MDTL MC930/830 series 


EXPANDABLE DUAL 3-2 INPUT GATES 

MC930G • MC830G 

MC961G • MC861G 

v J 


This gate element, in the 14 pin flat and dual 
in-line packages, consists of two expandable 4-input 
NAND gate circuits. Since the metal can (G suffix) 
has only 10 pins, that circuit consists of one 3-input 
and one 2-input expandable gate. The elements may 
be cross-coupled to form a bistable multivibrator, 
or the outputs may be connected in parallel to per- 
form the logic "OR" function. 



Number at end of terminal represents pm number for flat and 
dual in line packages Number in parenthesis indicates pm 
number for metal can 


IQr 6 

iZh 8 


MC930F/MC830F, P 
MC961F/MC861F, P 


Positive Logic 6 - 1 • 2 * 4 • 5 • 13) 
Negative Logic 6=1 + 2 + 4+ 5+131 


iiE[I> ui 

MC930G/MC830G 
MC961G/MC861G 


Positive Logic 4 1-2*3 

Negative Logic 4=1 +2 + 3 



Input Loading Factor = 1 
Output Loading Factor 
MC930/MC830 = 8 
MC961/MC861 = 7 
Total Power Dissipation 

MC930/MC830 = 22 mW typ/pkg 
MC961/MC861 = 33 mW typ/pkg 
Propagation Delay Time 

MC930/MC830 = 30 ns typ 
MC961/MC861 = 25 ns typ 


SWITCHING TIME TEST CIRCUIT AND WAVEFORMS 



TEST 

R 

c 

*pd + 

3.9 k ohms 

30 pF 

'pd — 

400 ohms 

50 pF 


^Courtesy of Motorola, Inc. 
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ELECTRICAL CHARACTERISTICS 

Test procedures are shown for only one gate. The other gate 
is tested in the same manner. 


MC930F/MC830F, P, MC961F/MC861F, P (continued) 
MC930G/MC830G, MC961G/MC861G (continued) 









- -o 5 
: tt ° 

3 0) v> 
J> ~ </> 

2 w E 

W 3 

“8 .E 
? -o Q 





i JSL 


I 
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are left open. 


APPENDIX 1-16* 



3 INPUT GATES 


MECL MC300 series 


MC306 • MC307 


Expandable 3-input gates that provide the posi- 
tive logic “NOR'* function and its complement 
simultaneously. MC307 omits output pull down 
resistors, permitting reduction of power 
dissipation . 


Vcc 



•Resistors R 0 are omitted in 
MC307 circuits to permit re- 
duction of Power Dissipation 
in systems where logic opera- 
tions are performed at circuit 
outputs. 


SWITCHING TIME TEST CIRCUIT 
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MC306, MC307 (continued) 


ELECTRICAL CHARACTERISTICS 


i + ”4 

Temperature'! +125#c 

Test Conditions 
Vdc * 1 % 


— 

0 945 

1 450 

5 20 

-1 25 

0 690 

-0 795 

1 350 

5 20 

-1 15 

_ 

0 655 

1 300 

-5 20 

-1.00 

Characteristic 

V H 

Pm No 

V lm ., 
Pm No 

V L 

Pm No 

V« 

Pm No 

V„ 

Pm No 

dV,„ 
Pm No 

•l 

Pm No 

Ground 

Pm No 

Symbol 
Pm No 
m ( ) 

Test Limits 

Unit 

— 

55°C 

+ 25°C 

+ 125®C 

Min 

Mai 

Mm 

Mai 

Min 

Mai 

Power Supply MOOS 


_ 

— 

2 6.7 a 

1 

— 

— 

3 

it (2) 


8 85 


a 85 

— 

8 15 

m4dc 

Oram Current MC307 


- 

— 

2, 6.7.8 

I 

— 

- 

3 

Is (2) 

— 

36 

— 

36 

— 

3 3 

m4dc 

Input Current 

6 


- 

2.7.a 

1 

- 

- 

3 

1.(6) 

- 


- 

too 

- 


u4dc 


0 

_ 

_ 

2.6.7 

1 

_ 

_ 

3 

1 ■ (8| 

_ 

- 

_ 

l 

- 

- 



"NOR" Logical "1" 

_ 

- 

6 

2.7.8 

1 

_ 

- 

3 

V. (5) 

- 0 625 

-0 945 

0 690 

0 795 

-0 525 

0 655 



Output Voltage 

— 

— 

7 

2,6.8 

1 

— 

— 

3 

V. (5| 

1 

1 

1 

1 

1 

1 


l 


- 

- 

a 

2.6.7 

1 

- 

- 

3 

V. (5) 

t 

♦ 

T 

♦ 

t 

T 

1 


"NOR" Logical "0" 

_ 

6 

_ 

2.7.0 

l 

_ 

_ 

3 

v. (51 

-1 560 

-1 850 

1 465 

1 750 

-1 340 

-1 675 

Vdc 

Output Voltage 

— 

7 

— 

2.6.8 

1 

— 

— 

3 

v« (51 

1 

1 

1 

1 

1 

i 




— 

e 

— 

2.6.7 

1 

— 

— 

3 

V« (5) 

T 

r 

t 

T 

T 

♦ 

( 

r 

"OR" Logical "t" 

- 

6 

_ 

2.7.8 

1 

_ 

_ 

3 

Vi (41 

-0 875 

-0 945 

0 690 

0 795 

-0 525 

0 655 



Output Voltage 

— 

7 

— 

2.6 8 

1 

— 

— 

3 

Vi (4) 

1 

! 

] 

1 

1 

1 


[ C 


— 

1 

— 

2.6.7 

1 

- 

— 

3 

Vi (4) 

t 

T 

T 

t 


t 

\ 

) 

"OR" logical "0“ 


_ 

6 

2,7.8 

l 



3 

Vr (4) 

1 560 

-1 850 

1 465 

-1 750 

-1 340 

1 675 

Vde 

Output Voltage 

— 

— 

7 

2.6 8 

l 

— 

— 

3 

V, (4| 

1 

1 

1 

1 

1 

1 




— 

— 

« 

2.6.7 

1 

— 

— 

3 

Vt (4| 

t 

t 

t 

T 

t 

t 


r 

"NOR " Output 


















Veltaga Change 

— 

— 

6- 

2.7,8 

t 

— 

s® 

3 

£V. (5) 

— 

0 055 

— 

0 055 

- 

- 0 060 



(No load to full load) 


















"OR" Output Veltaga Change 

_ 

6 

- 

2.7.8 

l 

_ 

*® 

3 

L v » (4) 

_ 

0 055 

_ 

0 055 

_ , 

-0 060 

Volts 

(No load to lull load) 


















"NOR" Saturatlen 

_ 

_ 

_ 

2.7.8 

i 

6 ® 

_ 

3 

Vi (5) 

_ 

0 40 


-0 55 

_ 

-0 68 



Rreakpomt voltage 

- 

- 


2.b.8 

J 

1 lj 

- 

3 

Vi (SI 

- 

i 

- 


- 

\ 

1 

\ 


— 

— 

— 

2.6.7 

1 

*1) 

— 

3 

I V, (5) 

— 

T 

— 

T 

— 





Pulse 

Pulse 
















Switching Times 

In 

Out 








Typ 

Mai 

Typ 

Mai 

Typ 

Mai 




6 

4 

_ 

2.7.8 

1 

_ 

_ 

3 

ta. (41 

7l> 

1) 0 

70 

11 5 

9 5 

14 5 




6 

s 

- 

27,8 

1 

- 

- 

3 

t«. 151 

5 5 

too 

55 

10 5 

70 

12 5 




6 

4 

— 

2.7.8 

1 

- 

_ 

3 

tdi (4) 

55 

too 

5 5 

11 0 

7 0 

12 5 




6 

5 

- 

2.7.8 

1 

— 

— 

3 

t« (51 

7 0 

10 5 

7 0 

no 

9 5 

14 5 



Rise Time 

6 

4 

— 

2.7.8 

1 

_ 

_ 

3 

t. (4 1 

6 0 

a 5 

60 

10 0 

8 0 

13 0 




6 

S 

- 

2.7,8 

1 

- 


3 

t. (5| 

75 

11 5 

7 5 

12 5 

9 5 

150 



rail Time 

6 

4 

- 

2,7.8 

1 

_ 


3 

tr (4) 

6 5 

10 5 

6 5 

12 0 

9 0 

ISO 




6 

S 

- 

2.7.8 

1 

- 

- 

3 

li(5) 

6 5 

12 0 

6 5 

12 5 

9 0 

150 




Pint not listed ire led opei ® Input voitue it adiusled to obtain ov NOP/dV . = 0 ® Current test conditions no load = 0. tull load = -2 5m4de i5% 


SWITCHING CHARACTERISTICS (10% to 90% distribution) 



n. f AN OUT 


"OR" OUTPUT 


r> f AN OUT 


55°C and 4 25*0 

+125°C 
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APPENDIX 1-17* 


HEWLETT PACKARD 
COMPONENTS 


0.3" SOLID STATE 
SEVEN SEGMENT 

5082-7740 

INDICATOR 



TENTATIVE DATA AUGUST 1973 


Features 

• COMMON CATHODE 

• RIGHT HAND DP 

• EXCELLENT CHARACTER APPEARANCE 
— Continuous Uniform Segments 

— Wide Viewing Angle 
— High Contrast 

• 1C COMPATIBLE 

— 1.7V per Segment 



• STANDARD 0.3” DIP LEAD CONFIGURATION 
— PC Board or Standard Socket Mountable 

• CATEGORIZED FOR LUMINOUS INTENSITY 

— Assures Uniformity of Light Output from 
Unit to Unit within a Single Category 


Description 

The HP 5082-7740 is a common cathode LED numeric dis- 
play with a right hand decimal point. The large 0.3" high 
character size generates a bright, continuously uniform 7 
segment display. Designed for viewing distances of up to 
10 feet, this single digit display has been human engineered 
to provide a high contrast ratio and wide viewing angle. 


The 5082-7740 utilizes a standard 0.3" dual-in-line package 
configuration that allows for quick mounting on PC boards 
or in standard 1C sockets. Requiring a forward voltage of 
only 1.7V, the display is inherently 1C compatible allowing 


Package Dimensions 


for easy integration into electronic calculators, credit card 
verifiers, TVs, radios, and digital clocks. 



1 


1110.16 • 0.251 


1 [ T k’S. 

sht 

r ¥ Jtu oio 

, Ir (0.25) 


LUMINOUS 
INTENSITY 046 
CATEGORY 11.141 



SIDE 

040 11.02} 



OATE COOE 



100 

12.541 


COMMON 

CATHOOE 


HP SOi? 7740 
EQUIVALENT CIRCUIT 


PIN 

FUNCTION 

5082-7740 

1 

CATHODE 131 

2 

ANODE - f 

3 

ANODE -g 

4 

ANODE - e 

5 

ANODE -d 
CATHODE 131 

6 

7 

ANODE - dp 

8 

ANODE -c 

9 

ANODE - b 

10 

ANODE • a 


NOTES 

1. Oimennoni in mchei end Imtlhmeleril 

2 Tolerencei on ell dimenjioni ere ♦ 016 

110.381 unleii otherwise specified 

3 Hedundent cethodej 

4 LHDP nol electricity connected 


^Courtesy of Hewlett Packard, Inc. 
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Absolute Maximum Ratings 


Power Dissipation T A = 25°C 400 mW 

Operating Temperature Range — 20°C to 85°C 

Storage Temperature Range -20°C to + 85°C 

Average Forward Current/Segment or Decimal Pt. T A = 25°C*]^ 25mA 

Peak Forward Current/Segment or Decimal Pt. T A = 25 °C (Pulse Duration < 500ps) 150mA 

Reverse Voltage/Segment or Decimal Pt 6V 

Max. Solder Temperature 1/16" 8elow Seating Plane (t < 5 sec.) 230°C 


NOTES: 1. Derate from 25°C at .25 mA/°C per segment or D.P. 2. Clean only in F reon TF, Isopropanol, or water. 


Electrical /Optical Characteristics at T A =25°C 


Description 

Symbol 

Test Condition 

Min. 

Typ. 

Max. 

Units 

Luminous Intensity/Segment ^ 

AVE 

•PEAK = 100mA 
10% Duty Cycle 

50 

150 


pcd 

l F = 20mA DC 


250 


Peak Wavelength 

^PEAK 



655 


nm 

Forward Voltage/Segment or D.P 

v F 

l F = 100mA 


1.6 

2.3 

V 

Reverse Current/Segment or D.P. 

'r 

V r = 6V 



100 

pA 

Rise and Fall Time 

tr.tf 



10 


ns 

Temperature Coefficient of Forward Voltage 

AVp / °C 



-2.0 


mV/°C 

Temperature Coefficient of Luminous Intensity 

AI„/°C 



-1.0 


%/°C 


NOTES: 1. The digits are categorized for luminous intensity such that the variation from digit to digit within a category is not discernible to 
the eye. Intensity categories are designated by a letter located on the right hand side of the package. 

2. Time for a 10% 90% change of light intensity for step change in current. 


20° 10° o° 16° 20° 



Figure 1. Normalized Angular Distribution of 
Luminous Intensity. 



0 4 8 12 16 20 24 28 32 

V f FORWARD VOLTAGE V 


Figure 3. Forward Current versus Forward 
Voltage. 


sop 
tr 406 

> ^ 300 
- 1 

Z 200 

i 8 150 
< 

0 > 100 

1 ►- 

3g 

o 9 so 

§* 40 
5 s 30 
<2 

ui *" 20 

5 

i- IS 
10 

1 2 4 6 8 10 20 2S 40 60 

l AV( AVERAGE CURRENT PER SEGMENT mA 

Figure 2. Typical Time Averaged Luminous Intensity 
per Segment versus Average Current. 




'hhk peak CURRENT PER SEGMENT m A 

Figure 4. Relative Efficiency (Luminous Intensity per Unit 
Current) versus Peak Current per Segment. 


For more information, cell your local HP Sales Office or East (201) 265 5000- Midwest (312) 677 0400 South (404) 436 6181 "West (213) 877 1282. 
Or, write. Hewlett Packard, 1501 Page Mill Hoad, Palo Alto. California 94304. In Europe, Post Office Box B5, CH-1217 Meyrin 2, Geneve, 
Switzerland. In Japan, Y HP, 1 59-1, Yoyogi, Shibuya Ku, Tokyo, 151. 

Printed in U.S.A. 
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+ 1.8 5 5 


ACTUAL SIZE 


SERIES 1603-02 
REFLECTIVE 



LIQUID CRYSTAL DISPLAYS 


• Optimum Readability 

• Single Plane Viewing 

• MOS Compatibility 

• No Back Lighting Required 

The 1EE Series 1603-02 is a decade Liquid 
Crystal Display with four floating decimals and an 
overflow plus or minus one (it). A colon is incor- 
porated in the display for additional application- 
advantages such as clocks, etc. 

The IEE Series 1603-02 reflective Liquid Crys- 
tal Display consists of a layer of micron-thin 
liquid crystal material confined between two sheets 
of glass, one sheet having a clear conductive elec- 
trode and the other a reflective coating etched in a 
segmented pattern to create a digital display. The 
organic material requires extremely low power in 
order to be an effective display. Upon generation 
of an electric field, the liquid layer becomes turbu- 
lent and scatters light. This scattering effect (caused 
by a continuous change in the index of refraction) 
appears as an optically dense area; by selectively 


• Low Profile 

• Microwatt Power Consumption 

• Low Cost 

• Ideal for High Ambient Light 
Environment 

energizing appropriate segments, a digital format is 
obtained. When the applied field is removed, the 
liquid crystal material returns to its original quies- 
cent, transparent condition. 

Reflective displays eliminate the need for back- 
lighting, which makes them excellent displays for 
use in portable equipment or in equipment where 
low power consumption is a definite consideration. 

For optimum life, liquid crystals are operated 
on A.C. (40-100 Hz) which, coupled with a 15-30 
volt range, make them directly compatible with 
MOS logic. Numerous companies are engaged in 
the manufacture of standard MOS circuits for use 
with Liquid Crystal Displays and this list may be 
obtained from Industrial Electronic Engineers, Inc. 
(IEE) upon request. 


Courtesy oflndustrial Electronic Engineers, Inc. 
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PC BOARD THRU HOLES 
FOR DIRECT WIRING _ 


MATING CONNECTOR WITH SOLDER TAILS 
AVAILABLE FROM IEE, ORDER P/N 4356701 
(VIKING 3VH40/IJN) 


CUSTOMER PANEL 


JT 


90* CONNECTOR 



U- .050 
(1.27 MM) 
TYP 


T .435 
(11 MM) 

TO 4 OF FIRST CONTACT 


SERIES 1603-02 

LIQUID CRYSTAL DISPLAYS 



140 DIA. (3.6 MM), 2 PLACES 

COUNTERSINK TO SUIT 


RECOMMENDED PANEL CUTOUT 


ELECTRICAL SPECIFICATIONS 

Operating Voltage: A C. 40-100 Hz. Typical 24 
Volt (Peak to Peak). Maximum 40 Volt. Min- 
imum 10 Volt. 

Power Consumption: 20 microwatts per segment 
(maximum). 

Rise Time: 50 milliseconds. 

Decay Time: 1 50 milliseconds. 

Contrast Ratio: 15:1 minimum. 

Life: 10,000 hrs. minimum at 24 V.A.C. 
Operating Temperature: 5°Cto55°C. 

Storage Temperature: — 10°C to 70°C. 

Relative Humidity: 0 to 100%. 

MECHANICAL SPECIFICATIONS 

Package Size: See diagram . 

Character Size: .433" (11 MM). 

Character Width: .260" (7.6 MM). 

Segment Width: .055" (1.4 MM). 

Decimal Point Width: .06" (1.5 MM). 

Decimal Point Height: .08" (2 MM). 


Contacts: 

The conductive electrodes on the Series 1 603-02 
Liquid Crystal Displays are terminated in an edge 
board configuration having .050" (1.3 MM) spac- 
ing, which allows the use of an edge connector or 
a spring contact right angle connector to be used 
in conjunction with printed circuit board patterns. 


ORDERING INFORMATION 


Part No. 

Liquid Crystal 

1603-02 

Right Angle Connector 

22076-01 

Mounting Kit (PC Board 


with right angle 

22077-01 

connector attached) 



AVAILABILITY: 

Series 1603-02 displays and optional hardware 
(connector, PC boards) are available for customer 
evaluation from shelf stock. For large quantity re- 
quirements and/or special designs, consult IEE 
for information. 


U4 

Industrial Electronic Engineers, Inc. 

7720 Lcmona Avenue, Van Nuys, California 9J405 
Phone: (213) 787-031 1 TWX (910) 495-1707 
Our European Office: 6707 Schifferstadt, Eichendorff-Allee 19, Germany, Phone: 06235-662. 
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APPENDIX 1-19* 


HLCD* 



E11EH REAMUTS 


MS-5030E SERIES 7-SEGMENT READOUTS 

Presenting a series that combines several of the most sought features — 
large, well-styled characters; bright, wide angle display; low voltage opera- 
tion; compatibility with available TTL integrated circuit decoder drivers; 
and low cost. These 5 volt plug-in display units produce 0.79" high char- 
acters, plus a decimal point. Each unit consists of a molded phenolic lamp 
housing with eight T-1 lamps, a filter screen and a polycarbonate filter lens, 
and pin terminations for use with sockets or decoder driver modules. Unit 
is supplied less socket (order separately, see below). 

SPECIFY FILTER COLOR: Red or Clear . 


SPECIFICATIONS: 

Temperature Rise: 

20°C. 

Vibration: 

3.0G @ 1,600 Hz., 1 min. 
each of three planes. 

Weight: 

0.7 oz.(Max.), less socket 

Materials: 

Case: Black phenolic resin 
Lens: Polycarbonate resin 
Pins: Nickel plated brass 


Lamps: 

T-1 5V @ 30mA 

Current Drain: 

60mA (Min.), 240mA (Max.) 

Power Consumption: 

300mW (Min.), 1 .2W Max.) 

Character Height: 

0.79 inches 

Lamp M.S.C.P.: 

0.028 candlepower 

Lamp Life: 

20,000 hours (average) 


3 /4 / l 

7 LJ 5 

6 • « 




*Courtesy of Alco Electronics Inc. 
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APPENDIX 1-20* 


*iA710 

HIGH-SPEED DIFFERENTIAL COMPARATOR 

FAIRCHILD LINEAR INTEGRATED CIRCUITS 


• IMPROVED SPECIFICATIONS 

• 2 mV MAXIMUM OFFSET VOLTAGE 

• 3 m A MAXIMUM OFFSET CURRENT 

• 1250 MINIMUM VOLTAGE GAIN 

• 10 /iV/°C MAXIMUM OFFSET VOLTAGE DRIFT 

GENERAL DESCRIPTION — The /iA710 is a differential voltage comparator intended for applications requir- 
ing high accuracy and fast response times. It is constructed on a single silicon chip using the Fairchild Planar* 
epitaxial process. The device is useful as a variable threshold Schmidt trigger, a pulse height discriminator, a volt- 
age comparator in high-speed A-D converters, a memory sense amplifier or a high-noise immunity line receiver. The 
output of the comparator is compatible with all integrated logic forms. 


ABSOLUTE MAXIMUM RATINGS 

Positive Supply Voltage + 14.0 V 

Negative Supply Voltage -7.0 V 

Peak Output Current 10 mA 

Differential Input Voltage ±5.0 V 

Input Voltage ±7.0V 

Internal Power Dissipation 

T0-99 I Note 1) 300 mW 

Flat Package [Note 2] 200 mW 

Operating Temperature Range -55°C to + 125°C 

Storage Temperature Range -65r°C to +150°C 

Lead Temperature (Soldering, 60 sec.) 300°C 


TO-99 CONNECTION DIAGRAM 

(TOP VIEW) 


non MnrriNC 


Not*: Pin 4 connected to cate. 



FLAT PACKAGE CONNECTION DIAGRAM 
(TOP VIEW) 



SCHEMATIC DIAGRAM 




INVERTING INRUT 




* 5 - 


-4 


-4 


4 


-4 


T " tU 

1 Mio 

1000 MO > 


Notes on page 2 



* Planar is a patented Fairchild process 


FAIRCHILD 

SEMICONDUCTOR 

313 FAIRCHILD DRIVE MOUNTAIN VIEW. CALIFORNIA. (415) 962 5011. TWX 910 379 6435 . o ni |.o« or i^.no cui« »o msiniMim cowtio. 


^Courtesy of Fairchild Semiconductors 
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FAIRCHILD LINEAR INTEGRATED CIRCUITS /iA710 


ELECTRICAL CHARACTERISTICS (Ta = +25°C, V* = 12.0V, V = —6.0V unless otherwise specified) 

PARAMETER 
(see definitions) 

CONDITIONS 
(Note 4) 

MIN. 

TYP. 

MAX. 

UNITS 

Input Offset Voltage 

R s < 200S2 


0.6 

2.0 

mV 

Input Offset Current 



0.75 

3.0 


Input Bias Current 



13 

20 


Voltage Gain 


1250 

1700 



Output Resistance 



200 


n 

Output Sink Current 

AV,„ > 5 mV, V.., = 0 

2.0 

2.5 


mA 

Response Time [Note 31 



40 


ns 

The following specifications apply for -55°C < T A 

< + 125°C: 





Input Offset Voltage 

R, < 20011 



3.0 

mV 

Average Temperature Coefficient of Input 

R* = 5011, T* = 25°C to Ta = + 125°C 


3.5 

10 

*v/°c 

Offset Voltage 

R s = 5011, Ta = 25°C toT A = -55°C 


2.7 

10 

/iV/°C 

Input Offset Current 

Ta = + 125°C 


0.25 

3.0 

r* A 


Ta = -55°C 


1.8 

7.0 


Average Temperature Coefficient of Input 

Ta = 25°C to Ta = + 125°C 


5.0 

25 

nA/°C 

Offset Current 

Ta = 25°C to Ta = -55°C 


15 

75 

nA/°C 

Input Bias Current 

Ta = -55°C 


27 

45 

nk 

Input Voltage Range 

V- = -7.0V 

±5.0 



V 

Common Mode Rejection Ratio 

R« < 20011 

80 

100 


dB 

Differential Input Voltage Range 


±5.0 



V 

Voltage Gain 


1000 




Positive Output Level 

AV.. > 5 mV, 0 < L, < 5.0 mA 

2.5 

3.2 

4.0 

V 

Negative Output Level 

AV.. > 5 mV 

-1.0 

-0.5 

0 

V 

Output Sink Current 

Ta = + 125°C, AV,, > 5mV ( V.., = 0 

0.5 

1.7 


mA 


Ta = -55°C, AV,. > 5mV,V«, = 0 

1.0 

2.3 


mA 

Positive Supply Current 

Vo., < 0 


5.2 

9.0 

mA 

Negative Supply Current 



4.6 

7.0 

mA 

Power Consumption 



90 

150 

mW 


NOTES: 

(1) Rating applies for case temperatures to + 12S*C; derate linearly at 5 6 mW/’C for ambient temperatures above -) I05*C. 

(2) Derate linearly at 4 4 mW/°C for case temperatures above + 115*C; derate linearly at 3.3 mW/*C for ambient temperatures above +100*C. 

(3) The response time specified (see definitions) is for a 100-mV input step with S-mV overdrive. 

(4) The input offset voltage and input offset current (see definitions) are specified for a logic threshold voltage of 1.8V at — S5*C, 1.4V at +25*C and 1.0V at + 12S*C. 
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Appendix 2 


Resistor and 
Capacitor Values 


APPENDIX 2-1 

TYPICAL STANDARD RESISTOR VALUES 

Si U U kU kU kU MU MU 


— 

10 

100 

1 

— 

12 

120 

1.2 

— 

15 

150 

1.5 

— 

18 

180 

1.8 

— 

22 

220 

2.2 

2.7 

27 

270 

2.7 

3.3 

33 

330 

3.3 

3.9 

39 

390 

3.9 

4.7 

47 

470 

4.7 

5.6 

56 

560 

5.6 

6.8 

68 

680 

6.8 

— 

82 

820 

8.2 


10 

100 

1 

10 

12 

120 

1.2 

— 

15 

150 

1.5 

15 

18 

180 

1.8 

— 

22 

220 

2.2 

22 

27 

270 

2.7 

— 

33 

330 

3.3 

— 

39 

390 

3.9 

— 

47 

470 

4.7 

— 

56 

560 

5.6 

— 

68 

680 

6.8 

— 

82 

820 

— 

— 
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APPENDIX 2-2 

TYPICAL STANDARD CAPACITOR VALUES 


pF 

PF 

pF 

pF 

»F 

nF 

»F 

pF 

pF 

»F 

nF 

5 

50 

500 

5000 


0.05 

0.5 

5 

50 

500 

5000 

— 

51 

510 

5100 


— 

- — 

— 

— 

— 

— 

— 

56 

560 

5600 


0.056 

0.56 

5.6 

56 

— 

5600 

— 

— 

— 

6000 


0.06 

— 

6 

— 

— 

6000 

— 

62 

620 

6200 


— 

— 

— 

— 

— 

— 

— 

68 

680 

6800 


0.068 

0.68 

6.8 

— 

— 

— 

— 

75 

750 

7500 


- — 

— 

— 

75 

— 

— 

— 

— 

— 

8000 


— 

— 

8 

80 

— 

— 

— 

82 

820 

8200 


0.082 

0.82 

8.2 

82 

— 

— 

— 

91 

910 

9100 


— 

— 

— 

— 

— 

— 

10 

100 

1000 


0.01 

0.1 

1 

10 

100 

1000 

10000 

— 

no 

1 100 


— 

— 

— 

— 

— 

— 


12 

120 

1200 


0.012 

0.12 

1.2 

- 

— 

— 


— 

130 

1300 


— 


— 

— 

— 

— 


15 

150 

1500 


0.015 

0.15 

1.5 

15 

150 

1500 


— 

160 

1600 


— 

— 

— 

— 

— 

— 


18 

180 

1800 


0.018 

0.18 

1.8 

18 

180 

— 


20 

200 

2000 


0.02 

0.2 

2 

20 

200 

2000 


22 

220 

2200 


— 

0.22 

2.2 

22 

— 

— 


24 

240 

2400 


— 

— 


— 

240 

— 


— 

250 

2500 


— 

0.25 

— 

25 

250 

2500 


27 

270 

2700 


0.027 

0.27 

2.7 

27 

270 

— 


30 

300 

3000 


0.03 

0.3 

3 

30 

300 

3000 


33 

330 

3300 


0.033 

0.33 

3.3 

33 

330 

3300 


36 

360 

3600 


— 

— 

— 

— 

— 

— 


39 

390 

3900 


0.039 

0.39 

3.9 

39 

— 

— 


— 

— 

4000 


0.04 

— 

4 

— 

400 

— 


43 

430 

4300 


— 

— 

— 

— 

— 

— 


47 

470 

4700 


0.047 

0.47 

4.7 

47 

— 

- — 
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INDEX 


A 

Action region 88 

Active output pull-up 272 

AND gate 258,259 

Aperiodic waveform 3 

Astable multivibrator 214,217 

collector coupled 214 

design 218 

emitter coupled 220,221 

frequency control 219,220 

synchronization 220 

waveforms 217 

Asymmetrical base triggering 243, 244 

Asymmetrical collector triggering 237, 238 


421 


422 INDEX 

Avalanche diode : 61 

Average pulse amplitude 10, 13, 14 


B 

Back plane 322 

Base triggering 243,244 

Biased clamping circuits 76,77 

Biased shunt clipper 69 

Binary to decimal conversion 326, 327, 329 

Bistable multivibrator 223 

asymmetrical base triggering 243, 244 

asymmetrical collector triggering 238 

collector coupled 223, 224 

collector steered base triggering 245 

emitter coupled 230 

emitter triggering 247 

1C bistable 250 

symmetrical base triggering X 244 

symmetrical collector triggering 239 

Bootstrap ramp generator 170,171 

IC circuit 175, 176 

waveforms 171 

Bootstrapping capacitor 170 

Breakdown diode 61 


C 

Capacitor charging 33, 34 

Capacitor coupled inverter 117 

Cascaded flip-flops 305 

Cathode ray oscilloscope 3 

Clamping circuits 72 

biased clamping circuit 76 

negative voltage clamper 72 

positive voltage clamper 73 

Zener diode clamper 78 

Clipping circuits 62 

biased shunt clipper 69 

noise clipper 64 


INDEX 


423 


Clipping circuits (Contd.) 

series clipper 62 

shunt clipper 67 

Clock pulse 314 

Clock source 340 

CMOS logic gates 282 

CMOS NAND gate 283 

CMS NOR gate 284 

CMOS switch 105 

Cold cathode tube 323 

Collector coupled astable multivibrator 214 

Collector coupled bistable multivibrator 223 

Collector coupled monostable multivibrator 193 

Collector cut-olT current 88 

Collector triggering 238, 239 

Commutating capacitors 225 

Comparator 360 

Complementary MOS 105 

Constant current circuit 158 

Constant current ramp generator 159 

Counting circuits 305 

decade counter 310,317 

divide-by-16 315 

IC counters 314 

scale-of-10 310 

scale-of-16 308,315 

scale-of- 10,000 383 

Coupling capacitors 117 

CR circuit 28 

capacitor charging current 33,34 

capacitor charging time 33,34 

capacitor voltage 30, 33, 34 

response to pulse 40 

settled waveform 40 

time constant 35 

CR ramp generator 155 

CRT 3 

CRT time base 189 

Current gain 87 

Current-mode logic 278 

Current sink 267 

Current switch 294 

Cut-off region 88,89,90 
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INDEX 


D 


DC restorer 


72 

Dead zone 


65 

Decade counter 


310,317 

Decay time 


94 

Decimal-to-7 segment 


331 

Delay time 


93 

Differentiated waveforms 


... 50,51,53,54 

Differentiating circuits 


49 

Digital counting 


305 

Digital displays 


318 

Digital frequency meter 


339 

Digital indicator tube 


323 

Digital readouts 


318 

Digital to analog conversion 


376 

Digital voltmeter 


352 

Diode: 



AND gate 


258 

characteristics 


58 

clamper circuit 

▼ 

4 

72 

clipper circuit 


62 

forward current 


58 

forward volt drop 


59 

logic 


263 

matrix 


326, 330 

noise clipper 


64 

OR gate 


260 

protection 


112 

reverse current 


59 

reverse recovery time 


60 

reverse voltage 


58 

sampling gate 


288 

switch 


58 

Zener diode 


61 

Diode transistor logic (DTL) . . . 


263 

Divide-by-1 6 counter 


314 

Drain current 


102 

Drain-gate leakage current 


104 

Drain -source on resistance 


103 

Drain-source voltage 


103 

Dual slope integration 


347 


INDEX 425 

Duty cycle 9 

Dynamic scattering 320 

f 

Emitter-base reverse voltage 68 

Emitter coupled astable multivibrator 220 

Emitter coupled bistable multivibrator 230 

Emitter coupled logic (ECL) 278 

Emitter coupled monostable multivibrator 204 

Emitter follower 172 

Emitter triggering 247 

Enhancement MOSFET 105 

Expandable gate 267 

Exponential change 6 

Exponential constant 6 

Exponential waveform 6 

F 

Fall time ( t f ) 10, 94 

Fan-in 267 

Fan-out 267 

FET inverter 124 

FET sampling gate 297, 300 

FET switch 101 

Flip-flops 223 

IC 250 

in cascade 305 

JK 252 

reset-set (RS) ’ 251 

reset-set-toggle (RST) 252 

set-clear (SC) 251 

set-clear-toggle (SCT) 252 

toggle (T) 250 

Fourier analysis 18 

Fractional tilt 22 

Frequency division 309, 340 

Frequency meter 339 

Frequency response 21 

Frequency synthesis 18 

Fundamental frequency 18 
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INDEX 


G 

Gas discharge display 324 

Gates: 

logic ( see also Logic gates) 257 

sampling ( see also Sampling gates) 288 

H 

Harmonic 15 

Harmonic analysis 18 

hf£ 87 

High frequency distortion 20 

High threshold logic (HTL) 270 

Hysteresis 144 

/ 

IC: 

comparator ?. 360 

counters , 314 

flip-flops (see Flip-flops) 
logic gates (see Logic gates) 

monostable multivibrator 214 

IC operational amplifier 126 

input bias current 126 

input impedance 126 

input off-set current 126 

input off-set voltage 126 

integrator 180 

inverter 127 

inverting amplilie> 180 

inverting input 126 

monostable multivibrator 210 

non-inverting input 126 

ramp generator 175 

Schmitt trigger 146 

slew rate 127 

virtual ground 182 

voltage follower 175 

Ideal pulse 7 

Ideal transistor switch 85 


INDEX 
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Incandescent read-out 322 

Integrated waveforms 44,46,48 

Integrating circuits 43,180 

Intrinsic stand-off ratio 163 

Inverter circuits 110 

capacitor coupled 117 

diode protection 112 

direct coupled 110 

FET 124 

1C 126 

speed-up capacitor 114 

J 

JFET inverter 124 

JFET series gate 297 

JFET shunt gate 300 

JFET switch 101 

JK flip flop 252, 343 

K 

Keep-alive cathode 325 

L 

Lagging edge 7 

Latch 342 

Leading edge 7 

Leakage current 88,104 

Light emitting diodes (LED) 318 

Limiter circuit 62 

Linear ramp generator 170 

Liquid crystal displays 320 

Logic gates: 

active output pull-up 272 

AND gate 258 

CMOS 282 

comparison of logic types 285 

current mode logic 278 

current sink 267 


428 


INDEX 


Logic gates ( Contd . ) 

diode gates 258 

diode transistor logic (DTL) 263 

emitter coupled logic (ECL) 278 

expandable gate 267 

fan-in 267 

fan-out 267 

high threshold logic (HTL) 270 

loading factor 269 

modified DTL 267 

NANDgate 263 

negative logic 262 

noise immunity 271 

NOR gate 266 

NOT gate 263 

OR gate 260 

positive logic 262 

propogation delay time 266 

resistor transistor logic (RTL) 272 

transistor transistor logic (TTL) _ 275 

Lower cut-olT frequency 22 

Lower trigger point 134 


M 

Mark length 9 

Mark-to-space ratio 9 

Matrix (diode) 326, 330 

Memory capacitors 225 

Miller effect 180 

Miller integrator 181 

Modified DTL 267 

Monostable multivibrator 192 

collector coupled 193 

design 196,205 

emitter coupled 204 

IC 214 

IC operational amplifier 210 

PW control 204 

triggering 202 

MOSFET sampling gates 303 

MOSFET switch 105 
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Multivibrator: 

astable (see also Astable multivibrator) 214 

bistable (see also Bistable multivibrator) 223 

monostable 

(see also Monostable multivibrator) 192 

N 

NANDgate 263 

Negative clipper circuits 62,67 

Negative logic 262 

Negative voltage clamper 72 

Noise clipper 64 

Non-repetitive waveforms 3 

Non-saturated switch 92 

NOR gate 266 

NOT gate 263 

Numerical displays 318 

digital indicator tube 323 

gas discharge display 324 

incandescent 322 

light emitting diode 318 

liquid crystal cell 320 

three-and-a-half digit 322 

tungsten 322 

O 

One-shot multivibrator 193 

Operational amplifier (aw 1C operational amplifier) 

OR gate 260 

Oscilloscope 3 

Overdriven transistor 92 

Overshoots 20 

P 

Peak point current 163 

Periodic waveforms 2 

Positive clamping circuits 73 

Positive clipping circuits 62 


430 


INDEX 


Positive logic * 262 

Practical transistor switch 88 

Programmable UJT (PUT) 167 

Propagation delay time 266 

Pulse repetition frequency (PRF) 7 

Pulse repetition rate (PRR) 7 

Pulse modulation: 

pulse amplitude modulation (PAM) 356 

pulse code modulation (PCM) 356 

pulse duration modulation (PDM) 356 

pulse position modulation (PPM) 356 

pulse width modulation (PWM) 356 

Pulse multiplexing 365 

Pulse waveform: 

amplitude 10 

duration 9 

duty cycle _ 9 

fall time ( t f ) 10 

ideal pulse 7 

lagging edge * 7 

mark-to-space ratio 9 

repetition frequency (PRF) 7 

repetition rate (PRR) 7 

rise time (/ r ) 10 

tilt 10 

trailing edge 7 

width 9 

Q 

Quantizing 358 

R 

Ramp generators 153 

bootstrap 170, 175 

constant current 157 

CR 153 

free running 178 

1C operational amplifier 175 

Miller integrator 180 

PUT 167 

UJT 162 
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Recovery time 100 

Rectangular waveform 5 

Reflective type cell 320 

Regeneration 134 

Relaxation oscillator 162 

Resistor transistor logic (RTL) 272 

Resolving time 100 

Reverse breakdown 61 

Reverse breakdown region 61 

Reverse recovery time 60 

Reverse saturation current 88 

Ring counter 367 

(Rise time (l r ) 10 

S 

Sampling gates 288 

bipolar series 290 

bipolar shunt 294 

diode 288 

JFET series 297 

JFET shunt 300 

MOSFET 303 

Saturated transistor 90 

Saturation region 88 

Saturation voltage 90 

Sawtooth wave 6 

Scale-of- 10 counter 310,317 

Scale-of- 1 6 counter . 308,314 

Scale-of- 1 0,000 counter 333 

Schmitt trigger circuit 132 

analysis 138 

design 135, 141 

hysteresis 144 

IC operational amplifier 146 

lower trigger point (FTP) 134 

output/input characteristics 143 

regeneration 134 

speed-up-capacitor 142 

upper trigger point (UTP) 134 

waveforms 135 

Series clipper 62 
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Series gate * 290, 297 

Series noise clipper 64 

Set-clear (SC) flip-flop 251 

Settled waveform 40 

Settling time 100 

Seven segment displays (see Numerical displays) 

Shift register 373 

Shunt clipper 67 

Shunt gate 294,300 

Sine wave 5 

Slew rate 127 

Slope 10 

Space width 9 

Speed-up capacitor 97 

Spike waveform 6 

Square wave 5 

Square wave generator 214 

Steering resistance 243 

Step change 5 

Storage time x 94 

Strip-chart recorder 3 

Summing amplifier 376 

Switch: 


CMOS 105 

diode 57 

JFET 101 

MOSFET 105 

transistor 85 

Switching times: 

decay time 94 

delay time 93 

fall time 94 

reverse recovery time 60 

rise time 94 

storage time 94 

turn-ofT time 94 

turn-on time 94 

Symmetrical base triggering 243 

Symmetrical collector triggering 237 

Synchronizing 164, 180, 186 

Synchronizing gate 369 

Synchronizing space 365 
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T 

Tilt 10 

Time base 188 

Time base generation 341 

Time constant 35 

Time division multiplexing (TDM) 365 

Time period 

Timing system 340 

Toggle (T) flip-flop 250 

Trailing edge 

Transients 3 

Transistor: 

characteristics 89 

current levels 88 

reverse base-emitter voltage 68 

switching 85 

switching times 94 

Transistor transistor logic (TTL) 275 

Triangular waveform 3 

Triangular waveform generator 186 

Triggering 243 

Truth table 306 

Tungsten display 322 

Turn-off time 94 

Turn-on time 94 


U 

Unijunction transistor (UJT) 162 

equivalent circuit 162 

intrinsic stand-off ratio 163 

programmable UJT (PUT) 167 

relaxation oscillator 164 

Upper cut-ofT frequency 38 

Upper trigger point 134 


V 

Valley point current 163 

Vcei sa.) 90 

Virtual ground 182 
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Voltage comparator 360 

Voltage follower 175 

Voltage level detector 135 

Voltage reference source 61 

Voltage switch 294 

W 

Waveform distortion 20 

Waveforms: 

exponential 6 

pulse 5 

ramp 5 

rectangular 5 

sine 5 

spike 6 

square v 5 

triangular 5 

*■ 

s 

1 

Zener diode 61 

characteristics 61 

clamping circuits 78 

clipping circuits 70 

noise clipper 66 

Zero crossing detector 347 


































